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The research of the operating mode of the concrete mixture
plane depth compactor with a circular vibration exciter
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The paper proposes an essentially new design of a concrete mixture depth compactor made in the form of a vertical plate with
a circular vibration exciter mounted on its upper part. A design diagram of the «plane depth compactor — concrete mixture»
dynamic system is presented and the vertical plate movement equations describing its linear vibrations in the horizontal plane
and torsional vibrations in relation to the center of gravity are provided. It has been determined the regularity of the vertical
plate motion during the compaction of concrete mixtures. The provided results of the research enable the substantiation of the
rational parameters of the plane depth compactor performing spatial vibrations and the efficient modes of the vibratory action
on the concrete mixtures of different consistence.

Keywords: plane depth compactor, concrete mixture, vibration compaction.

JocainkeHHs: po004Y0ro pe:kuMy MJIOIIMHHOTO IITMOMHHOTO
YIIiJIbHIOBA4Ya 0€TOHHUX CyMillei
3 BiOpo30yayBadyem KPyroBux KOJIUBAHb

Maciaos O.I."*, Barcaiixan Kanap®

! Kpemenuyubkuit HationansHmii yHiBepeutet iMeni Muxaiina OcTporpaichkoro
* HaykoBo-BupoGHuumii iestp «Mcpegr», Mosrois
*Anpeca st muctyBanus E-mail: kmto.43@gmail.com

3anpornoHOBaHa MPHUHIXIIOBO HOBA KOHCTPYKIsl TNTHOMHHOIO YIIUIbHIOBaYa OCTOHHHUX CyMilleil, 10 BUKOHAHA y BUIJISIL
BEPTUKAIBHOI BIUTH, Ha BEPXHiil YaCTHHI sIKOT 3MOHTOBaHO BiOpO30yIKyBau KpyroBHX KonuBaHb. ONMCAHO NMPUHIMI Iii
IUIOIIMHHOTO TJIMOMHHOTO YIIiJIbHIOBaya OeToHHHMX cyMimell. CkiaieHa po3paxyHKOBa CXeMa JUHAMIYHOI CHCTEMH
«IUIOIMHHUH TIMOMHHUA yIIUIbHIOBaY — OETOHHE CEPEeJOBHILEY, B SIKIH OCTAHHE MPECTABICHO y BUIVISAI HABEICHOI MacH i
HaBeAEeHUX Koe(il[ieHTIB HENPYXKHOTO 1 PYKHOTO OMOpiB. 3HalICHO MOMEHT iHepwii HaBeeHoI Mach GETOHHOT cyMilli 1o~
JI0 IIEHTPY Baru CHCTEMH, IO KOJIMBAETHCS. BU3HAUEHO iHEpHilHi, IPYKHI 1 HENPYXKHI CHINM OHOpPY OETOHHOI CyMmimIi, sIKi
JHIOTh Ha BEPTHKAJIbHY IUIUTY B IPOLEC X CHIIbHUX KouBaHb. CKJIajeHI PIBHAHHS PYXY BEPTHKaJIbHOI IUIUTH, SIKa KOHTAK-
Tye 3 OETOHHOIO CYMIIIIIIIO, 1[0 OMUCYIOTH ii MPSAMOIIHIAHI KOJIMBAHHS B TOPHU30HTANIBHIN IUIOIMINHI 1 KPYTHJIbHI KOJIMBAHHSI
BIZIHOCHO LIEHTPY TSDKiHHS. PiBHSHHS pyXy BpPaxoBYIOTH Mil0 iHEPUiIHHMX CHJI MIHOMHHOTO YIIJIbHIOBaYa 1 YUIIbHIOBAHOL
6eTOHHOI CyMilll, CHJT TIPY)KHOTO i HENPY)KHOTO ONOpPY OETOHHOT CyMillli i CHIJI TepTS HIKHBOT KDOMKH BEPTHKAIBHOT IUIHTH
npo 6eToHHY cyMilr abo 0OCHOBY. BecraHoBiIeHa 3aKOHOMIPHICT PyXy po0040i MOBEPXHi BEPTHKAIBHOI IUTUTH, 10 B3aEMOJIIE
3 GETOHHOIO CYMIIIIIIO B TOPU3OHTAJIBHOMY HAIPSIMKY 1 BUKIIHKAE B IIbOMY OCTOHHOMY CEPEIOBHIII HOPMAJbHI HAlpyrH.
Ipu 1pOMy peati3yeThesi 3MiHHUIT aMILTITYJHO-4aCTOTHHI PEXXHUM PYXy BEPTHKAJIbHOI IUIUTH, 0 BHKJIUKAE B YIIIIBHIOBA-
JBHOMY ILapi MOUIMPEHHS MPYXHO-IUIACTHYHHUX XBHIb JeopMalliid, siki 3a0€31euyoTh CTBOPEHHS IMITYJIBCHOTO HaIpyKe-
HO-1e(hOPMOBAHOTO CTaHy, L0 3a0e3neuye eeKTUBHE YIIUIbHEHHS OCTOHHHMX CyMilleil IIIACTUYHUX 3 OCAJKOK KOHyca
OK-3,5 — 4 cm cywminreii, Tak i )opcTkux cymimeit xopcerkictio K=30 — 120 ¢ HaBeneni pe3yabpraTu AOCIiKEHb J03BOJIS-
I0Th OOIPYHTYBATH PalliOHANbHI MapaMETPH MUIOMINHHOTO TIIMOMHHOTO YIIIbHIOBAYa, [0 3AIHCHIOE TPOCTOPOBI KOJIMBAHHS,
i edexTHBHI pexkuMu BiOpauiiiHoi aii Ha OeTOHHI cyMminTi pi3HOT KOHCHUCTEHII.

KorouoBi c1oBa: miomuHHNN NIMONHHUN YIUIBHIOBAY, OETOHHA CyMilll, BiOparliiiHe yIIiIbHeHHS.
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Introduction

The depth (internal) vibration of concrete mixtures
takes less energy than vibration compaction by other
methods. Thus, it is topical to create simple, reliable
and highly efficient vibration machines for depth
compaction.

Review of research sources and publications

For internal vibration depth vibrators [1 - 4],
equipped with circular tips of various diameters, sub-
merged into the concrete mixture, is used.
They have a small radius of concrete mixture working
and are used for the compaction of plastic concrete
mixtures. To improve the productivity it is used pack-
aged depth vibrators with individual drives [5].
The design of these devices is rather complex and
they are used for very big volumes of concreting.
To improve the vibration efficiency the author of pa-
per [6], proposed a plane depth compactor performed
in the form of a vertical flat plate equipped with two
depth vibrators, each with an individual drive.
Big weight prevented this depth compactor from being
used in construction industry as a manual mechanism.
Moreover, all the depth vibrators are equipped
with planetary vibration exciters that quickly break
down [7].

Definition of unsolved aspects of the problem

In the process of the research it is necessary to sub-
stantiate the rational parameters of the plane depth
compactor of a simple design, high reliability and
provision of the compaction of concrete mixtures of
different consistence.

Problem statement

The purpose of the paper consists in the develop-
ment of a highly efficient plane depth vibration com-
pactor for concrete mixtures of different consistence.

Basic material and results

The proposed plane depth compactor (Fig. 1) con-
sists of a compacting plate made in the form of verti-
cal plate 1 with stiffening rib 2, bracket 3, rigidly
fixed to plate 1, and mounted on this bracket by means
of threaded joints 4 of circular vibration exciter 5 with
unbalance shaft 6.

The plane depth compactor operates in the following
way.

The operator turns on the plane depth compactor and
introduces vertical plate 1 into concrete mixture 7,
spread as a smooth layer. Under the action of circular
vibration exciter 5 the vertical plate performs complex
motions, arousing in the compacted medium the resil-
ient viscous plastic deformation waves with rather
high frequency. These deformations cause ultimate
destruction of the structural connections in the con-
crete mixture and transform it into thixotropic condi-
tion. They result in the intensive reorientation of the
mineral particles, the displacement of the air and the
formation of a more compact packing.

To determine the law of motion of the vertical plate
interacting with the concrete mixture in the operating

mode we consider the design model of the «plane
depth compactor — concrete mixture» dynamic system
(Fig. 1). The movements of the considered dynamic
system under the action of the circular vibration ex-
citer whose unbalance generate circular disturbing
force O have been analyzed. It has been decomposed
this force into two components: horizontal Q sin a¢
and vertical Q cos a¥ forces.

Under the action of horizontal force QO sin ax, the
vertical plate interacting with the concrete mixture
performs complex movements: linear movements in
the direction of coordinate axis X, passing via the cen-
ter of gravity C of the vibrating system and torsion vi-
brations about the center of gravity C.

Deosat | o

Fir

R

! ' A L Pe. i " |
(77T
Figure 1 — The design diagram of

the «plane depth compactor — concrete mixture»
dynamic system

It is determined the vertical shift of the center of
gravity C of the vibrating system in relation to the
center of gravity of the concrete mixture O; from the
following dependence

_ m(05H%R)

m+mb

3 1)
where m — the mass of the plane depth compactor;

r — the distance from the center of gravity of the plane
depth compactor to the vertical plate upper edge coin-
ciding with the surface of the compacted concrete
mixture;
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my, — the modified mass of the concrete mixture deter-
mined depending on the method of vibration of the
concrete mixture: in half-space [8] or in the form [9].

In expression (1) sign plus is taken in parentheses if
the center of gravity of the plane depth compactor is
over the upper edge of the vertical plate, and sign mi-
nus if it is below.

In this case the movement of the vertical plate con-
tacting the concrete mixture can be described by the
following equation system:

— the linear movement in the horizontal plane in the
direction of coordinate axis X

d’x

(m+mb)?+bb%+cbxiFn,:Qsina)t; 2)

— the angular shift about coordinate axis Y
d*y
dr?
where x — the linear movements of the vertical plate
over the center of gravity of the vibrating system,;

w — the angular movements of the vertical plate about
coordinate axis Y, passing via the center of gravity of
the vibrating system;

my, by, ¢, — the values of the modified mass and modi-
fied coefficients of the concrete mixture elastic and
non-clastic resistances, determined according to the
method of the concrete mixture vibration: in half-
space [8] or in a form [9];

F,. — the force of friction of the vertical plate lower
edge against the concrete mixture or the base,

Ep=mg-f,, )

[ — the coefficient of the friction of the vertical plate
lower edge against the concrete mixture or the base;

J — the moment of inertia of the plane depth compac-
tor against the center of gravity C of the vibrating
mass,

J=J,+m(05H —ry,+7)°, (5)

J, — the moment of inertia of the plane depth compac-
tor against its own center of gravity Oy;
r —the distance from the axis of rotation of the unbal-
ance shaft of the vibration exciter to the center of
gravity of the vibrating system;
J, — the moment of inertia of the modified mass of the
concrete mixture against the center of gravity of the
vibrating system,
2
Jy =m,,?+m,,r32; 6)

(J+J,) +nbcii—l;/+k,,t//iM” =Orsinat; (3)

ky, ny, — the coefficients of torsional stiffness and non-
elastic resistance of the compacted medium at the an-
gular movements of the vibrating system against co-
ordinate axis Y,

ky =ky +hyys ny =my ;s (7

ki1, np; — the coefficients of torsional stiffness and
non-elastic resistance of the compacted medium at the
angular movements of the vibrating system against
coordinate axis Y at the section of height 4 = 0,5H-r3,

1] ]
2. 2.
ky = ey Fizi 3 my =D by, Fiz} s (®
p il

ki, nyy — the coefficients of torsional stiffness and
non-elastic resistance of the compacted medium at the
angular movements of the vibrating system against
coordinate axis Y at the section of height

hl = O,SH— rs,
nz 2 nz 2
kyy =D cp Fizi 3 myy = by Fzi )

i=1 i=1

F; — the area of equal elementary sections with the
height division of the vertical plate,

Fi=F/(n +mny);
n;, ny — the number of the divisions of the vertical
plate respectively in its upper part at the section of
height 7 and its lower part at the section of height /;;
Z; — the vertical distance from the center of gravity of
the vibrating system to the i-the marked element;
Cpy, b, — the values of the specific modified coeffi-
cients of the elastic and non-elastic resistances of the
concrete mixture determined according to the method
of the concrete mixture vibration: in half-space [8] or
in a form [9];
M, — the moment of the forces of friction of the verti-
cal plate lower edge against the concrete mixture or
the base,

M, =mg(H ~h)f,. (10)

Using the method of linearization of Coulomb fric-
tion [10], it is modified equations (2) and (3) to the
following form:

2

dx dx .
(m+mb)?+(bb+bS)E+cbx:Qsma)t; (11)
2
(J+Jb)d—lé/+(nb+ns)d—w+kbl//:Qrsina)t,(12)
dt dt

where b, — the equivalent coefficient of viscous fric-
tion in the direction of coordinate axis X,

_AF, 4 .
Y e A’

n, — the equivalent coefficient of viscous friction about
horizontal axis Y;

n. = 4MIV — qlﬂ .

Coade O’

A — the amplitudes of the vertical plate vibrations in

the horizontal direction about the center of gravity of
the vibrating system;

@ — the amplitude of the angular (torsion) vibrations
of the vertical plate about horizontal axis Y;

(13)

(14)

4F,

q, =—"; (15)
T
4M

G =—" . (16)
T
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Based on the known methods of the classical theory
of vibrations [10, 11], it is found the solution to equa-
tions (13) and (14) in the following form:

x(t) = Asin(wt —¢,) ; (17)

w(t)=Dsin(wt—,), (18)

where ¢, — the angle of phases shift between the
amplitude of disturbing force Q and the movement
along x;

@, — the angle of phases shift between the amplitude
of the moment of the disturbing forces and the ampli-
tude of the angle movement;

0

A= . (19)
ey = (m+my)a* P + (b, +b,)’ &
®= o Qo)
Ik = (J + T +(ny +n,) >’
o= arcth; (21)
¢, —(m+my )a)2
@, = arctg (n + 1, )0 (22)

ky—(J+J,)o°

Substituting dependences (13) and (14) respectively
in expressions (19) and (20), we obtain equations for
the determination of the amplitudes of the linear and
torsion vibrations of the vertical plate in the following
form:

A2+ 2Aq,bba) _
[c, —(m+my)w? ] +biw’
- Qz_qzrz T 2 -0 (23)
[c, —(m+my)o”]" +bjw
o2+ 2®q,,ny@ _
lky —(J +J,)0* 1 +njw?
22 2
Crdn o (24)

[k, —(J +J,)0° 1 +nj 0’
Solving equations (23) and (24), we find the final
values of the amplitudes of the vertical plate vibra-
tions taking into account the values of the equivalent
coefficients of viscous friction b,, and n;

1
A= -q,byo+
[cb—(m+mb)a)2]2+bga)2< 4%

+Ja2b2e” + M\ {[c, - (m+my)o* +b§w2}>; (25)

|
D= —q N0+
[k, —(J +J, )0 * +n2e> < b

g2nia’ + My Tk, —(J + )0 +n§w2}> . (26)
where
M, :Qz_qrz; M2:Q2”2—q,2n-

We can represent the law of movement of the ver-
tical plate working surface interacting with the con-
crete mixture in the direction of coordinate axis X, and

causing normal stresses in this concrete medium,
based on expressions (17) and (18), taking into ac-
count expressions (25) and (26), in the form of the fol-
lowing functions

X, (z)=x()+zp(t) at -(H-h)<z<h. (27)

Substituting the values of functions x(#) (17) and ¢(2)
(18) into expression (27) it is obtained the dependence
for the description of the law of the movement of the
vertical plate working surface contacting with the con-
crete mixture in the following form

X, (z,8)= A(Z)sin[ax +(2)] at —(H-h)<z<h, (28)

where A(z) — the amplitude of the movement of the
vertical plate working surface interacting with the
concrete mixture, depending on coordinate z,

A(Z) = A2 + 222 £ 240zcos(p — ;) 1 (29)

@(z) — the angle of phases shift between the ampli-
tude of the disturbing load and the amplitude of a cer-
tain point movement on the vertical plate with coordi-
nate z,

Asin @, + ®zsin g,

o(z) = arctg (30)

Acos g, + Dzcosp,

Considering expressions (13) and (14), it is modified
dependences (21) and (22) to the following form:

A
o = arctg—bbw+qr/ 75 €1y
¢, —(m+my)w
0, = arcig—"00F In/® (32)

ky —(J +J,)o°

The analysis of expressions (28 — 30) reveals that the
vertical plate of the proposed plane depth vibration
compactor performs spatial vibrations during its op-
eration. It provides efficient compaction of the con-
crete mixture due to alternating amplitude-frequency
action. This vibratory action causes normal stresses in
the compacted medium in the horizontal plane.
They determine the destruction of the structural con-
nections and result in the transformation of the con-
crete mixture into the thixotropic condition. In this
case the forces of internal friction in the mixture
sharply decrease due to the release of water, acting as
lubrication, into the inter-grain space. The air is dis-
placed out of the compacted mixture, the mineral par-
ticles reorient and approach each other forming a more
compacted packing.

The obtained dependences used for the functional
dependences determination of the concrete mixture
compacting process represented in the form of a half-
space is analyzed.

Fig. 2 shows the variation of the vertical plate vibra-
tions amplitude of the depth vibration compactor 4
and stresses o, occurring in the concrete medium of
different consistence at the place of the concrete mix-
ture contact with the vertical plate along its height, i.e.
from the upper edge of the vertical plate to its lower
edge. In Fig. 2 the origin of coordinates along the
height of the vertical plate superposes its upper edge.
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The data were obtained at the use of the above given
theoretical dependences for the depth plane compactor
with the following basic parameters: the depth com-
pactor mass — m = 4.93 kg; the amplitude
of the disturbing force of the vibration exciter —
0 =0.981 kN (100 kg); the angular frequency of the
forced vibration — ® = 292 rad/s; the distance from the
center of gravity of the depth vibration exciter O, to
the upper edge of the vertical plate — »; = 2.85 cm;
the moment of inertia of the depth vibration compac-
tor against the axis passing through the center of grav-
ity O, — J, = 0.0365 kg-m?; the height of the vertical
plate — H = 20 cm; the width of the vertical plate —
B =20 cm; the area of the vertical plate surface inter-
acting with the concrete mixture (at the bilateral con-
tact) — F' = 800 cm’.
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Figure 2 — The variations of the amplitudes
of movements 4 and stresses o, occurring

in the concrete medium of different consistence
at the place of its contact with the plane depth vi-
bration compactor depending on the coordinate

along the height of the vertical plate:
1 — at the slump of 3.5 — 4 cm;
2 — at mixture hardness H =30 s;
3—atH=60s; 4—atH=90s; 5S—atH=120s

The analysis of the given data (Fig. 2), obtained for
the final process of compacting, i.e. at complete com-
paction py, reveals that during the process of vibratory
compacting by the proposed plane compactor the con-
crete mixture is subject to the action of the alternating
amplitude-frequency vibration along the height.

This vibratory action results from simultaneous lin-
ear and torsion vibrations of the vertical plate.
The amplitudes change of the vibrations and stresses
during the compacting process depending on the mix-
ture relative deformation ¢ is also continuous. By way
of example, Fig. 3 shows the typical change of the
amplitudes of vibrations and stresses occurring in the
concrete mixture of the hardness of 60 s at the place of
its contact with the vertical vibration plate, depending
on relative density ¢. The farther the vibration source
is the lower and smoother the amplitudes of the vibra-
tions in the compacted medium and stresses in it are

(Fig. 4).

AL cm

i

o 455 ] &84 &

Figure 3 — The variations of the amplitudes
of movements 4 and stresses g, occurring
in the concrete mixture of hardness 60 s
at the place of its contact with the plane
depth vibration compactor depending on
the concrete mixture relative density &
and coordinate z along the height of
the vertical plate beginning
with its vertical edge:
l-atz=0;2—atz=5cm;3 —atz=10 cm;
4—atz=15cm;5—atz=20cm

It is this ambiguous character of the vibration action
on the concrete medium that contributes to the effi-
cient destruction of the internal connections in the
concrete mixture, the reorientation of the mineral par-
ticles and air displacement with the formation of a
more compact packing. The obtained indices deter-
mine the amount of the energy put into the concrete
medium by the depth plane vibration compactor and
enable the determination of the law of the increase of
the concrete medium density during the process of its
compacting by the vibration action. They also enable
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the determination of the necessary duration of the vi-
bration action depending on the average values of the
amplitudes of vibrations and stresses in the concrete
medium, the consistence of the concrete mixture and
the distance of the propagation of the resilient-plastic
deformation waves providing the required compact-
ness.
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Figure 4 — The amplitudes variations

of movements 4 and stresses o, occurring

in the concrete medium of different consistence
at the distance of x =80 cm from the source

of vibration depending on the coordinate along

the height of the vertical plate beginning

from its vertical edge:
1 — at the slump of 3.5 — 4 cm;
2 — at the mixture hardness H=30s;

3—atH=60s; 4—atH=90s; 5S—atH=120s

Table 1 contains the values of the required duration
of compacting the concrete mixtures of different con-
sistence at the vibration processing length of x =80
cm. The total length of the vibration processing is 160
cm, as vibration processing is performed simultane-
ously by both the front and the end wall of the plane
vibration compactor.

The comparison of the data given in paper [8] and
Table 1 reveals that at the equal disturbing force the
proposed plane vibration depth compactor, performing
simultaneously linear and torsion vibrations, is more
efficient than the plane vibration depth compactor per-
forming only linear vibrations. The use of linear and
torsion vibrations enables to improve the productivity
of the plane depth vibration compactor by 1.62 — 2.32
times at compacting plastic and moderately hard con-
crete mixtures and by 1.35 — 1.38 times at compacting
hard concrete mixtures of the hardness of 60 — 90 s.

Table 2 contains the values of the required dura-
tion of compacting the concrete mixtures of different
consistence at the length of the vibration processing of
x =60 cm and the vibration plate width increased by
1.5 times — B=30 cm, i.e. at somewhat changed
parameters of the vibration depth compactor:

the mass of the depth compactor — m =15.57 kg;
the distance from the center of gravity of the depth vi-
bration compactor to the upper edge of the vertical
plate — »; =0.05 cm; the moment of inertia of the
depth vibration compactor against the axis passing
across the center of gravity — J, = 0.0486 kg-m?; the
area of the vertical plate surface interacting with the
concrete mixture (at bilateral contact) — F = 1200 cm®.

Table 1 — The values of the required duration
of the vibration process of compacting ¢,
concrete mixtures of different consistence
at the vibratory processing length x = 80 cm

Concrete mix- Slump=| H= | H= | H= | H=
ture  consis{ 3.5-4 | 30s | 60s | 90s | 120s
tence cm

Compacting 17.0 | 31.5 | 41.6 | 48.7 | 53.8
required

time, s

Table 2 — The values of the required duration
of the vibration process of compacting ¢,
concrete mixtures of different consistence
at the vibration plate width B =30 cm
and the vibratory processing length x = 60 cm

Concrete mix- Slump=| H= | H= | H= | H=
ture consis{ 3.5-4 | 30s | 60s | 90s [ 120s
tence cm

Compacting 29.5 | 60.1 | 79.2 | 92.0 | 100.0
required

time, s

The analysis of the data given in Table 2 reveals that
the increase of the area of the interaction of the plane
depth vibration compactor by 1.5 times due to the in-
crease of the vibration plate width without the growth
of the amplitude of the disturbing force does not result
in a significant improvement of the productivity.
In this case it is possible to consider admissible
(Table 2) plastic concrete mixtures compacting with
the slump S = 3.5 — 4 cm and hard concrete mixtures
compacting of hardness 30 — 90 s.

Fig. 5 shows the change of the amplitude of the vi-
brations of the vertical plate of the depth vibration
compactor 4 and stresses o, occurring in the concrete
medium of different consistence at the place of the
concrete mixture contact with the vertical plate along
its height at somewhat changed parameters of the vi-
bration depth compactor: the mass of the depth com-
pactor — m = 5.57 kg; the distance from the center of
gravity of the depth vibration compactor O, to the up-
per edge of the vertical plate — r; = 0; the moment of
inertia of the depth vibration compactor against the
axis passing across the center of gravity O, —
J, = 0.0803 kg-m’ ; the area of the vertical plate sur-
face interacting with the concrete mixture (at bilateral
contact) — F = 1200 cm’; the height of the vertical
plate — H=30 cm.
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The data (Fig. 5) of the change of the amplitude and
stresses, occurring at the place of the vertical vibration
plate contact with the concrete mixtures of different
consistence, are given for the final stage of the com-
pacting vibration process when hardness p; is
achieved. Fig. 6 shows the change of the stresses oc-
curring in the concrete mixture at the distance of
60 and 80 cm from the vibration source.
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Figure 5 — The variations of the amplitudes
of movements 4 and stresses o, occurring
in the concrete medium of different consistence
at the place of its contact with the depth vibration
compactor vertical plate depending on
the coordinate along the height
of the vertical plate from 0 to 30 cm:
1 — at the slump 3.5 — 4 cm;
2 — at the mixture hardness H =30 s;
3-atH=60s;4—-atH=90s;5—atH=120s

The analysis of the data given in Figs. 5 and 6 re-
veals that the 1.5-time increase of the area of the verti-
cal plate interaction with the concrete mixture due to
the increase of the height changes the character of the
variation of the amplitudes and stresses to some de-
gree in comparison with other data stated above.
The farther the vibration source is the essentially
lower and somewhat smoother the amplitudes of the
stresses in the compacted medium are.

Table 3 contains the values of the required durability
of compacting the concrete mixtures of different
consistence at the vibratory processing length of
x=60 cm and x =80 cm, and at the vibration plate
height increased by 1.5 times — H = 30 cm.

It follows from Table 3 that the growth of the area of
the interaction of the plane depth vibration compactor
by 1.5 times due to the increase of the vibration plate
height without the growth of the amplitude of the dis-
turbing force does not result in significant improve-
ment of the productivity. In this case, it is possible to
consider admissible (Table 3) the compaction of plas-

tic concrete mixtures with the slump S = 3.5 — 4 cm,
and of hard concrete mixtures of hardness 30 — 90 s at
the processing length 60 cm and 30 — 60 s at the
processing length of 80 cm. To reduce the duration of
the vibration process at the increased area of the verti-
cal plate interaction with the concrete mixture it is rea-
sonable to increase the amplitude of the disturbing
force of the vibration exciter.
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Figure 6 — The variation of the amplitudes
of stresses o, occurring in the concrete mixtures
of different consistence at the distance
of x =60 cm (a) and x = 80 cm (b) from
the source of vibration depending on
the coordinate along the height
of the vertical plate beginning
from its vertical edge:

1 — at the slump 3.5—-4 cm;

2 — at mixture hardness H=30s;
3—atH=60s; 4—atH=90s; 5—atH=120s

Table 3 — The values of the required duration
of the vibration process of compacting ¢,
concrete mixtures of different consistence
at the vibration plate height H =30 cm
and the vibratory processing length
x =60 cm and x =80 cm

Concrete mix- Slump=| H= | H= | H= =
ture  consis{ 3.5-4 | 30s | 60s | 90s | 120s
tence cm

Compacting | 33 | 65 | 83 | 96 | 104
required 39 76 96 111 122
time, S

Note 1. The numerator contains the data obtained at
the vibratory processing length x = 60 cm, and the
denominator contains the data obtained at x = 80 cm.

Thus, it has been determined that the use of the
plane depth vibration compactor, simultaneously ac-
cepting linear and torsion vibrations, provides the effi-
cient compaction of concrete mixtures.
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Conclusions

It has been proposed a fundamentally new design of
a plane depth concrete mixture compactor made in the
form of a vertical plate equipped with a circular vibra-
tion exciter in its upper part. It has been presented a
design diagram of the «plane depth compactor — con-
crete mixture» dynamic system and determined the
regularity of the movement of the vertical plate con-
tacting with the compacted concrete mixture in the
operating mode. The obtained analytical dependences

enable to determine the efficient modes of the vibra-
tory action on the compacted medium in the form of
an alternating amplitude-frequency deformation of the
compacted medium. The presented research results
enable the substantiation of the rational parameters of
the plane depth compactor, performing spatial vibra-
tions, and the modes of vibratory action on the con-
crete mixtures of different consistence.
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The paper is dedicated to the creation of a differential mortar pump with electromagnetic action for pumping finishing
material, which is not sensitive to electric energy gaps, and which is at the same time convenient, easy to use, reliable and
economical in operation. The paper presents the mathematical model of the working process dynamics of a differential
mortar pump with electromagnetic action, which will allow to study common patterns of pumping processes in the pump in
the whole, to solve general problems on their calculation and design, to set and solve problems of reliability control,
connected with high-frequency pressure oscillations, the problems of structural optimization and optimal design of all its
elements. The control system of a pumping unit with vector controlled asynchronous electric drive is proposed on the basis of
the concept of inverse dynamics problems in combination with the minimization of local functionality of instantaneous
energy magnitudes, which ensures high-quality pressure regulation under the conditions of parametric perturbations activity
and has acceptable energy indices.

Keywords: differential mortar pump with electromagnetic action, mathematical modeling, construction mix.
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Po6oTy mpuCBSYEHO CTBOPEHHIO AU(EpEeHLiaIbHOTO HACOCa eNeKTPOMArHITHOL Aii /Ul MepeKadyyBaHHs 037100II0BaIbHOIO
Mmarepiaiy, sSIKUi He YyTJIMBHIA 10 MepenaziB eJIeKTPOCHepril, 3py4YHuii 1 mpocTHil y BUKOPUCTAaHHI, HAaAIHUI Ta eKOHOMIY-
HMIT B ekciutyaTanii. Po3riasHyTo pe3ynbTaTH MaTeMaTHYHOTO MOJENIOBAHHS HECTalllOHApHUX IPOLECiB Yy HACOCHOMY arpe-
rati 3 OZHOIOPIIHEBUM TUpepeHLiaIbHIM HacOCOM eJeKTpoMarHiTHOI aii. [IpoaHanizoBaHO MOZEINb, 1[0 MICTUTH PiBHSHHS
PYXy €IEeMEHTIB CHCTEMH, KOTPi BPaXxOBYIOTh HECTAJICTh 3BEAEHOI0 MOMEHTY iHepIii IITOKOBOTO MeXaHi3My Hacoca, a Ta-
KOXX €JIeKTPOMArHiTHI SBUIA B €JIEKTPOMATHITHIM KOTyIIIi. 3alpONOHOBAaHO MAaTeMaTHYHy MOJENb JHHAMIKH poOOdoro
nporecy AudepeHIiaTbHOr0 Hacoca eJISKTPOMArHiTHOI Aii, sika JO3BOJIUTH AOCTIPKYBaTH 3arajibHi 3aKOHOMIPHOCTI IepeKa-
YyBaJBHUX IPOLECIB y HAcOCi B IUIOMY, PO3B’SI3yBaTH 3arajbHi 3agadi 3 IX pO3paxyHKy 1 HpPOEKTYBaHHS, CTaBHUTH 1
pO3B’s13yBaTH 3aa4i 3abe3meueH s HaJiHOCTI, OB’ s3aHi 3 BUCOKOYAaCTOTHUMH KOJIMBAHHSMH THUCKY, 3a/1a4i onTumizauii il
CTPYKTYPH ¥ ONTHMAIbHOTO MPOSKTYBAaHHS BCiX ii eneMeHTiB. Pe3ynbratu po3B’si3aHHs AudepeHialbHuX PiBHIHD MaTeMa-
TUYHOT MOJIETIi, OTPHUMaHIi y Wil CTaTTi, MOXKYTh OyTH PEKOMEHAOBAHO /TS IPAKTUYHOI peatizallii y BUIIIAAI aHAIITUYHHUX 3a-
JIGKHOCTEH IPH PO3POOJICHHI METOIUKK PO3PaXyHKY [UIsl CTBOPEHHS HOBHUX KOHCTPYKLiH HudepeHIiaTbHIX HACOCIB SNeKT-
pomarHiTHOT i Ta OIiHIOBaHHS iX e()eKTUBHOCTI. 3aIPOIIOHOBAHO CHCTEMY KEpYBaHHS HACOCHOIO YCTAHOBKOIO 3 BEKTOPHO-
KEepOBaHNM aCHHXPOHHHM €JIEKTPOIIPUBOJIOM Ha OCHOBI KOHIIETIIIT 3BOPOTHHX 3aJad JMHAMIKM B MO€IHAHHI 3 MiHIMI3aIli€ro
JIOKaJIbHUX (DYHKIIOHATIB MUTTEBHX 3HA4€Hb SHEPTii, sika 3a0e3reuye sKiCHe peryIoBaHHS HAllopy B yMOBax Jil mapaMer-
pHUIHUX 30ypeHb Ta Ma€ 3aI0BUIbHI CHEPTeTHYHI TOKA3HUKN.

Kimouogi ciioBa: mudepeHuianbHUi HACOC eIEKTPOMArHITHOL Aii, MaTeMaTH4YHEe MO/ICTIOBAaHHS, OyIiBebHA CyMilll
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Introduction

Academic specialists have been researching mortar
pumps from 1950-es onward. Notwithstanding that
scientific works of that period remain fundamental,
they do not contain complete analysis of differential
mortar pumps owith electromagnetic action, but only
describe their work and design in general.

The basis for the improvement of the effectiveness
of a differential mortar pump with electromagnetic
action is improvement of the power efficiency
required to maintain constrained oscillations and
immunity to electric energy gaps.

Review of research sources and publications

Creating efficient pumping equipment is a vexed
problem for pumping production sphere, as over the
past 10 years mostly obsolete technologies have been
used in the field of pumping equipment manufacture.
At present, the crucial task is to create a differential
mortar pump with electromagnetic action [7 — 14],
fit for effective work, as well as to produce a
mathematical model [1 — 4], which, in its turn, would
describe the overall operation of a differential mortar
pump with electromagnetic action. The effective work
is the ability of the pump to provide the maximum
possible efficiency factor, which, in its turn, depends
on the interaction between the coil and the plunger
[5, 6], and, as a consequence — to support high
performance reliability.

Thus, differential mortar pumps with electro-
magnetic action are one of the most common pump
types, their constructional diversity is extremely high.
Obtaining the required quality of a differential pump
of electromagnetic action is a current problem, which
is of great importance for the development of pumping
production sphere.

Problem statement

In accordance with the abovementioned, the purpose
of the article is to increase the running efficiency of a
differential mortar pump with electromagnetic action.
In order to achieve this goal, we have solved the
following task: to create a mathematical model of the
influence of electromagnetic induction on the
uniformity of the construction mix pumping.

Basic material and results

Let’s consider the construction of a differential
mortar pump with electromagnetic action for the
construction mix, pictured in Fig. 1.

The mortar pump works as follows. Electric current
that changes along the sinusoidal wave and induces
magnetic induction onto the plunger, drawing it into
the middle of the coil, enters into the coil 3.

4 13 0010 110

Figure 1 — The structure of the differential mortar pump
with electromagnetic action for construction mix pumping:
1 — plunger, 2 — pump body; 3 — coil; 4 — coil flux guide; 5 — suction chamber; 6 — compensating spring;
7 — working spring; 8 — sniffle valve; 9 — discharge valve; 10 — compensating chamber;
11,12 — discharge fitting and suction fitting; 13,14 — lip-type seal

The first cycle of pumping. The plunger starts to
move leftward, closing the sniffle valve (t1) and open-
ing the discharge valve (t2). When the pump cavity is
filled with mortar mix, the pumping process begins
and the pressure in the discharge fitting starts to in-
crease. The higher the motion speed of the plunger is,
the more the pressure increases.

At the same time, the working spring 7 begins to
shrink and the compensating spring 6 starts to

straighten out. When the electric current in the coil
falls, magnetic induction decreases and simultane-
ously the motion speed of the plunger declines until it
stops. However, the plunger stops a little earlier before
the complete shutdown of magnetic induction, when
there occurs the balance moment of magnetic induc-
tion and compression force of the working spring 7.
When the sinusoidal wave changes its direction, the
diode in the power supply scheme cuts off its lower
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part, and in the second cycle, magnetic induction does
not affect the plunger.

The second cycle of pumping. The working spring
begins to straighten out, resulting in the opposite mo-
tion when the plunger is moving. The motion speed of
the plunger begins to increase. When the plunger is
moving to the right, the discharge valve 9 is closed
and the pumping process is reactivated. Pumping pres-
sure increases in proportion to the increase in path ve-
locity.

At the same time, the sniffle valve 8 is opened and
the working fluid is absorbed into the working cavity
of the mortar pump. With the displacement of the
plunger to the right, the working spring 7 compression
is weakened. Straightening of the working spring is
prevented by the pumping effort of the working fluid,
the effort of absorbing the fluid into the working
chamber and by the compensating spring compres-
sion. With the slackening of the working spring, the
motion speed of the plunger decreases and coinci-
dently the pumping process is reduced. By the mo-
ment the plunger stops, voltage is again applied into
the coil, and the pumping process is rerun.

c. g’) ¢ .

A A A A AT Z

VY V wmﬁ

o A g G A P
=4

‘;.' { =i

=6 wed,
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PRk K

Figure 2 — Computational scheme

Due to the fact that the motion of the point particle
along the axis Oy is absent, then in accordance with
the III-d Newton's law of motion

G=-N,
where G = mg — gravity force, and N - normal re-
sponse of the walls of the pump body.

Thus, forces G and N form a balanced system of
forces {é,ﬁ }, which we shove aside on the basis of

the corresponding axiom of statics, without breaking
down the kinematic state of the point particle under
consideration.

As a result, we have forces that have affect on the
point particle (see figure 2, b):

— moving force Q ;
— elastic forces 13,7 and 13,6 of the compensating
spring 6 and the working spring 7 accordingly;
— motion resistance force F(m .
Let’s find out the meaning of these forces.

Let’s consider mortar pump operation separately for
each cycle.

The first cycle of pumping. Plunger movement to
the left. Since the plunger | moves progressively,
then, making a mathematical model of its mechanical
motion, we will consider it as a point particle, the
mass of which is equal to the mass m of the plunger.

Let's consider the motion of a point particle to the
left from its full distance right position, which is pic-
tured in Fig. 2 and we will make a computational
scheme of this motion, combining the coordinate ori-
gin Oxy with the initial position of the point particle
and pointing the axis Ox toward the direction of parti-
cle motion. With such a choice of reference system

X =0 and x, =0,
where x, — the coordinate position that determines the
position of the point particle at the time ¢, =0,
X, — the projection onto the axis Ox of the initial ve-
locity v, (of course, taking into account that v, =0,
then x,=0).

for leftward plunger movement

The module Q of the moving force changes sinusoi-
dally similarly to the change of electric current by vir-
tue of

Q=0,-sinpt,
where Q, — the peak value of the moving force (need-

less to say, the dimension [Q]=[Q,]= MLT™),

p — the cyclic frequency of the moving force, which is
equal to the number of complete cycles of moving
force variation per 27z seconds, and, of course, it is
equal to the cyclic frequency of the electric current
change.

In accordance with Hooke law, modules of elastic

forces ﬁﬂ and ﬁ,() of the compensating spring 6 and

the working spring 7 determine the following depend-
encies

Fr’] = C7 Aé’] al’ld Fr6 :C() 'Af() N
where ¢; and ¢4 — the spring rate of the compensat-
ing spring 6 and the working spring 7
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Al,, Alg — their deformation in the position of the

point particle at any given time ¢, pictured in Fig. 2.

The physical content of the coefficients ¢; and ¢ —
the elastic force value of each spring under deforma-
tion, set to unity, and their dimensions are the ratio of
the force dimension MLT™ to the length dimension L,
that is

fer]=lee] ==

From Fig. 2, b it is obvious that

=M-T2.

Al =x,

Alg="Lguep. = Lo ="Lepeo. _(x+g6):€(me(). —X—G6>

where x — the coordinate, which determines the posi-
tion of the point particle at the time ¢,
l,e0. — the length of the undeformed spring 6 ¢, —

the length of this spring at the time ¢
¢¢ — the length of this spring in the initial position of

the point particle (at the time 7, =0).
Taking into account the set values A¢, and Alg,
we will get

Fo7=c7x,

F.e =c¢s '(féneo._x_%)-

Since the plunger 1 in the stationary medium — in
mortar mix, which fills mortar pump’s working cavity,
performs progressive motion at low speed, then the
motion resistance force will be in opposition to the di-
rection of the plunger velocity vector v and in vector
form it can be written as:

F on = —F, on ' l s

v
where F,,, — the absolute value (module) of this force;
v — plunger velocity module 1.

With the help of dimensional method [1] we will de-
fine the module value F,, of mortar mix resistance
force. In initial approximation we will assume that this
force, which dimension is [F,,] = MLT?, is deter-
mined by the following parameters, which, of course,
are physical values:

v — the plunger motion speed, the dimension of which
is[v]=LT";

S — the area of the plunger pressure on the operating
environment (mortar mix), the dimension of which is
[S]="L%

1 — the absolute viscosity coefficient, the dimension of
which is [1] = ML'T"".

According to [2], we will seek functional relation-
ship F,, = f(v,S, 1) in the form:

Fon:k'va'Sb'/uC9 (1)
where k& — some nondimensional coefficient (viz

[k]z 1), which cannot be determined by use of dimen-
sional analysis.

According to the theory of dimensional analysis, be-
tween dimensions [Fon], [v], [S ] and [,u] there must
be functional connection similar to the association be-
tween physical values F,,, v, S and g, which is de-
termined by formula (1). From this, we have that

[Fu)= k)Y -[ST [k

or, taking into account the above-mentioned dimen-
sions,

mer =1 (e (2 (T

Having completed the obvious transformations of
the right side, we will obtain

MLT—Z _ La+2b—c LT ALC

Since the mathematically obtained dependence can
be fulfilled only if power coefficients of the corre-
sponding multiplicators are equal, then, making the
specified indicators equal, we will obtain the system
of algebraic equations:

Having solved this system of algebraic equations,
we will find that

c=1l,a=2-c=2-1=1
and

b l-a+c 1-1+1 1

2 2 2

Then the desired dependence (1) will have the form
1

F, :k-vl-SE-,u1

or
Fo=k-V-puAs.

From Fig. 1 it is clear that when the plunger 1 moves
to the left, the area S of its pressure on the operating
environment (mortar mix) will be determined by the
formula

g dlz ’

4
where d; — the diameter of the plunger in the working

chamber (see Fig. 3).

Figure 3 — Diagrammatic representation
of the plunger 1

If we take d,, =y-d;, where y — a certain “diame-
ter reduction factor” (of course, that y <1), then

Sz%-(dlz—}/z-dlz)=”'lez-(l—72).

Then finally we will get that
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2
Fun:k'v:u ﬂ.dl (1_7/2):
4
Ckveoped e \l-y?
2
or
1_2
F=k Y220 yd, .,

In the general case, the coefficient £ in the resis-
tance force formula for the resistance F,, of the me-

dium is in the functional relationship to the Reynolds
number (Reynolds criterion) Re and to the Froude
number F,, that is

k =f(Re, Fr).

According to [3], «the mathematical relation
k=f(Re, Fr) is complex and its extremely difficult to
obtain it theoretically. It is common practice to use
experimentally obtained values of the coefficient & ».
But in the case under consideration, when the distance
and motion speed of the point particle are insignifi-
cant, we will neglect the dependence k = f(Re, Fr), as-
suming that & = const.

Following the algorithm of solving the inverse pri-
mal dynamic problem of the point particle [4], we will
compose the differential equation of motion of the
point particle under the question.

We will record Newton's second law of motion (sec-
ond principle of dynamics) in the projection on the
axis Ox.

From the computational scheme (see Fig. 2, b) it is
obvious that

A
ZF;'x :Q+Fr6_Fr7_Fon (2)
i=1
or, taking into consideration the found force values,
A . -t
ZFD: =0, 'SmTJFCe '(feuea. —x_é-'e)—
i=1

7r~1—7/2

—cyox—k- pedy v,

Then
z . mt
ZF;'x:QO'Sln T +Cé'(€6ue0._x_g6)_
i=1

2

_c7.x_k. .lu.dl.v:

T-\l-y
2
. Tt
:Q0'51n7—06'x+06’(€6m._§6)—

A1=42
—¢, x—k- e pedy v =

. -t
:Qo-sm”T—(% +C7)'x+c6'(€6+¢eo._g6)_

2

Substituting the last expression and the value

a, :% into formula (2), we will obtain the differen-

tial equation of point particle motion in the form

m-ﬂ:QO-sin”—'t—(c6 +c7)-x+
dt T

7[1—}/2 ’

+Cé'(€6713()._g6)_k' b '/,l'dl’V

and, dividing both parts of it into m and carrying out
legitimate transformations, we will get

dv_Q o 7wt (eoter)
dt  m T m
- 1—;/2

+Cé-(€6;:()__g6)_k' - ',Ll'dl'V

X+

and
C6 + C7

A1=42
ﬂ_{_k ﬂ. ]/ .#.dl.‘;_{_— X =
dt 2-m m (3)
) (e -
:&.sin”_t_i_cé (6Hed. gé)
m T m

The deduced equation (3) is the differential equa-
tion of plunger movement 1 to the left in the canonical
form or the mathematical model of this mechanical
motion.

If we introduce the designations, traditional for the
theory of oscillations [5]

A1=42
e NEXTT ) d =2,
2-m
C6+C7:k2 &:h
m ’ m

and assume by convention that

Ce* (Eéued. - gﬁ)

m

=C, = const,

then the differential equation of plunger movement 1
to the left can be given more compact form

ﬂ+2-n, vakox= h-sinﬂ+Cl.
dt T

Let’s determine dimensions of physical values 7,
k, h and C,. In accordance with the foregoing formula

.
nl_k' 7[4' ! ':u'dl’
k: C6+C7
m .
Then
1 1 -

=[] —=—. =1 — ML =
[nmf] [k] [m] [/1] [dl] M
ML 1 ’
M-LT T
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M
- M]'MT_Z Nr2=r"
[/1]=[%0]]=M§1;2 -7,
[CG]'([ZGWO,]_[ 6]) MT_Z’(L_L)
[c]= ] 6l M :'
:%Z'L:L.Tz

Note that the values & and »; have the same dimen-
sions, which allows, if necessary, to compare these
values. Both values % and C|, as it must be, have iden-
tical dimensions.

In the theory of oscillations according to [5] physical
values n;, k and & have the following mechanical in-
tensions:

n; — the attenuation coefficient, which characterizes
the resistance of medium at low motion speed of the
point particle;

k — cyclic/circular (radian) frequency of eigenvibra-
tions (free oscillations) of the point particle on the
spring with stiffness coefficient c,., = c¢ + ¢7;

h — the largest value of the summand, which deter-
mines the maximum acceleration of the motion of the
point particle a,,,, = & + C; under investigation.

Let’s solve the equation (4) and construct accelera-
tion profile of the plunger to the left using the free
mathematical program “SMath Studio” taking into ac-
count the initial conditions:

o) =03
RO) = Pmin;
X) =0.

The constructed graph is shown in Fig. 4. The re-
ceived peak speed of the plunger, taking into account
given geometrical dimensions of mortar pump com-
ponent parts, proceeding from the diameter of the
working chamber section (plunger diameter) 25 mm at
the productivity of 0,25 m’/h is 8,63 m/s.

Vm/c
nr

1 I 1 | s

d 0251 o5t 0751 T

Figure 4 — The graph of plunger speed variation
in time when it moves to the left

The second cycle of pumping. Plunger movement
to the right. Now let us consider the motion of the
point particle to the right from its full distance left po-
sition, which is pictured in Figure 2, a, and in Fig. 2, b
and we will make a computational scheme of this mo-
tion, by choosing the system of coordinates Oxy from

the conditions similar to those of the point particle
motion on the left. When choosing such a frame of
reference, the initial conditions of motion will be:

xo=0 and x, =0,

and forces 13,7, 13,6 and ﬁo
(see Fig. 4, b)

In accordance with Hooke law, F,; =c¢;-Al, and
F

r

.affect the point particle

n

6 = C6 . A€6 N
From Figure 2, b it is obvious that

Al =x,

Aly =107, =17 :f7uea.—(§7+x):

= €7H€(). —g7—X
where x — the coordinate that determines the point
particle position at the time ¢, ¢,,,, — the length of

>

the undeformed spring 7, ¢, — the length of this
spring at the time ¢ and ¢; — the length of this spring
in the initial position of the point particle (at the time
t,=0).

Taking into account the set values A/, and Alg,
we will get

Fr7 =C7 '(€7ue()._g7 _x)’

F

r6 = Ce X
The module of the resistance force F,, of the mor-

tar mix to the point particle motion is again deter-
mined from the formula

F=k-v-u-S,

and from Fig. 3 it is clear that when the plunger 1
moves to the right, its area of pressure on the working
medium (solution) will be as follows

_zd;
T

S

Then in this case

2
Fo kv /7;4d2 ke yzdz N

or
Fon :k%ﬂ

'dz'v.
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From the computational scheme (see Fig. 2, b), we
can define, that in this case

2
ZEx:Fr7_Fr6_Fun’ (4)
i=1

or, taking into account the set force values,

2
> Fi :‘77'(€7He{>._§7_x)—06'x—k'%'ﬂ'dz"’:
i=1

:C7'(E7ueo.—§7)_C7’x_cé‘x_k’@'#'dz"’:

Jz
=& '(fnea —§7)—(C7 +C6)'X—k'7'ﬂ'dz V.
Substituting the last expression and the value

a =% into formula (4), we will obtain the differen-

X

tial equation of point particle motion in the form

d
m;‘; =C '(€7Hm_§7)_(‘77 +C6)'x_

7[ b
kX2 ud ey
> H-ady
and, dividing both parts of it into m and carrying out

legitimate transformations, we will get

ﬂ: C7 .(€7H€()A_g7)_ (C7 +06).
dt m m
_k.ﬁ.ﬂ-dz.v
2-m
and
ﬂ+k.£.#.d2.v+c‘7——i_c‘6.x:
dt 2-m (5)
_ & '(€7ue0. _g7)
m

The deduced equation (5) is the differential equa-
tion of plunger movement 1 to the right in the canoni-
cal form or the mathematical model of this mechanical
motion.

Again, if we introduce the designations, traditional
for the theory of oscillations, we will get:

N

X d, =20,
2-m

Cy +C6 :k2
m

and assume by convention that

Cq- (Z Tneo. 7 )
m

then the above-obtained differential equation of

plunger movement 1 to the right can be given the fol-

lowing form

%+2~nw~v+k2 x=0C,,

in which the dimensions of physical values n,, k and

C, as well as their mechanical intensions, are un-

doubtedly similar to the foregoing.

=C, =const ,

Let’s solve the equation (2) and construct accelera-
tion profile of the plunger to the right at the same axis
of reference with acceleration profile of the plunger to
the left using the free mathematical program “SMath
Studio” taking into account the initial conditions:

Yoy =0
F(O) = Pmin; P
X(0) =0.

The constructed graph is shown in Fig. 5 and dis-
plays the graph of temporal variations for the plunger
speed in the complete cycle. The received peak speed
of the plunger movement to the right, taking into ac-
count given geometrical dimensions of mortar pump
component parts, proceeding from the diameter of the
working chamber section (plunger diameter) 25 mm at
the productivity of 0,25 m’/h is 9,33 m/s.

Of—+—F——+——F——+—F+—+—+—>

0.251 05m 0.75mw

-0+

Figure 5 — The graph of temporal variations
for the plunger speed in the complete cycle
of plunger movement

Conclusions

1. We have obtained mathematical models of dif-
ferential equations, which reflect velocity history
(variations in time of the velocity) of a differential
pump piston of a mortar pump used for pumping of
construction mixes in the complete cycle of its move-
ment.

2. The analysis of the obtained mathematical mod-
els allows to optimize the geometric dimensions of
mortar pump component parts, including the geomet-
ric dimensions of the springs in order to ensure the
mechanical energy conservation during pumping.

3. The graph of temporal variations for the plunger
speed in the complete cycle of plunger movement al-
lows us to simulate the required plunger productivity
when pumping mortar mixes.
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The high efficiency of the technological process of surface soil compaction using vibration and vibro-impact treatment has
been determined. High degree intensification of the soil compaction process is achieved by using original inertial vibratory
rammers with a hydro-pulse drive. A new mathematical model has been developed for the surface soil compaction processes
study by the inertial vibratory rammers. Using numerical modeling, work dependencies are obtained to determine the main
operating characteristics for the technological process of surface soil compaction by inertial vibratory rammers based on a
hydro-impulse drive.

Keywords: rammer, compaction, shock, vibration, hydro-impulse drive, inertia, soil, valve.

MaTteMaTH4YHe MO/eJTIOBAHHS TEXHOJOTIYHOTO
npouecy NOBepXHeBOro YuliJIbHEHHSI IPYHTIB
iHepuiliHOIO BiIOpOoTpamMOiBKOI0
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BusHaueHo BHCOKY e(eKTUBHICTh TEXHOJIOTIYHOIO MPOLIECY MOBEPXHEBOTO YIUIBHEHHS IPYHTIB 3a JOMOMOTO0I0 BiOpatiitHol
i BiOpoyznapHOi 00po6ku. Bucokoro crymneHnio intencudikaiii npouecy yuiibHEHHS IPYHTIB IOCATHYTO 3aCTOCYBaHHIM PO3-
poOIeHNX OpUTiHANBEHHX IHEPIIHHUX BiOpamiiiHUX TPaMOiBOK 3 TiAPOIMITYIECHUM IIPHUBOJOM Ha 0a3i ABOKACKAHOTO Kiama-
Ha-IynecaTopa. Po3poOiieHo HOBY MareMaTWdHy MOJAENb UL IOCITI/DKCHHS TEXHOJIOTIYHHX MpOLECiB IIOBEPXHEBOTO
YIIUIBHEHHS IPYHTIB iHepLiiiHOI0 BiGpoTpaMOiBKOIO Ha 0a3i 3aKOHIB TiAPOANHAMIKH 3 BUKOPHCTAHHSIM MEXaHOPEOJIOTIHHOI
(eromMeHoOTIi I y3aranbHEHNX 3aKOHIB MexaHikd. [Ipu po3pobieHHi MaTeMaTHYHOI MOJENl TEeXHOJOTIYHUI mporec Oyi1o
JOCITiKeHo Ha 1BOX (a3ax: ¢a3za HaKOMMUYCHHs KiHETUYHOI eHeprii, a Takoxk (asa ymapHoi B3aemozil iHepLiiiHOT TpaMOiBKU
3 mOBepXHelo IpyHTY. Ha 0cHOBI po3po06iieHoi MaTeMaTHYHOT MOJIeIi METOJOM KiHIIEBHX 00’€MIB 32 JOMOMOI0I0 YHCEIBHOTO
MOJICIIOBAHHs i METOMy MPUIIACOBYBAHHS OTPUMAHO PO3IMOUT THCKY 1 IIBHIAKOCTI PoOOYOi PiMHH B TiAPOIMITYIECHOMY
npuBoi iHepuiitHoi BibpoTpamOiBku. Takox Oyin0 OTpUMaHO JiarpaMu 3MiHH BIAHOCHOT i aOCOMIOTHOT IBUAKOCTI PYXOMHX
eJIeMeHTIB iHepuiiiHoi BibpoTpamOiBku. Po3pobieHa opuriHanbHa MOJENb ITOBEPXHEBOTO YIIUIBHEHHS IPYHTIB J03BOJIMIIA
OJleprKaTH 3aJIKHOCTI 3MIHH IEepeMilleHHsI ICHTPIB Mac IIapiB yIIiIEHIOIOYOTO IPYHTY TUITy CyriauHKIB. Onepskani poboudi
3aJIe)KHOCTI OCHOBHUX POOOYMX XapaKTEpUCTHK iHepHiiHOI TpamMOiBKM Ha 6a3i TiApOIMITYIIECHOTO HPHBOJA JO3BOIMIN OT-
pHMaTH OCHOBHI po0Odi 3aJISKHOCTI ISl MOAANBIIOTO MiABUIICHHS €(EKTHBHOCTI TEXHOJIOTIYHOTO MPOIECy ITOBEPXHEBOTO
yuiigbHeHHsT IpyHTiB. OTpuUMaHi pe3ynbTaTH YHCEIBHOTO MOJCIIOBAHHS TEXHOJOTIYHUX IIPOLECIB IOBEPXHEBOTO
YLIUIbHEHHS] IPYHTIB iHEpIiiHOK BiOpoTpaMOiBKOIO Ha 0a3i TigpOIMITYJIbCHOTO MPHBOAA MOKA3ald IepeBard 0OpaHoro
HiIXOY 10 MPOSKTYBaHH, 8 TAKOXK JO3BOJIMIIH JOBECTH e(EKTUBHICTD PO3POOICHOT KOHCTPYKILII.

Kurouogi ciioBa: TpambiBka, yiinbHeHHS, yaap, BiOpaLil, ripoiMIyIbCHHUIN MPUBiI, iHEPLis, IPYHT, KJIamaH.
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Introduction

Technologies characterized by surface treatment
processes where pseudo-fluidity of materials is real-
ized [1, 2] with complex rheology and under inertial
load conditions, require new developments, study and
improvement. Vibrational and vibro-impact techno-
logical processes, as well as equipment for their im-
plementation, are widely used [1]. It has been estab-
lished that if useful vibrations or shock impulses to
processing objects are applied, then it can be the flow
of a number of technological processes can be signifi-
cantly intensified, optimal load parameters can be en-
sured and processing results with high quality parame-
ters can be obtained. In particular, during mechanical
surface compaction (ramming), which consists of im-
pacting the load on the soil that falls freely or at a
forcibly developed speed, extreme compressive
stresses appear in the soil, which cause pseudo-
flowability and reorientation of the dispersed soil par-
ticles that leads to compaction soil.

Therefore, the study of the changes in the working
influence and design parameters of inertial vibratory
rammers from a hydro-impulse drive (HID) [1] on the
flow of work processes in the surface soil compaction
technology increase its effectiveness and outline ways
for further development and improvement.

Currently, it is widely used mathematical modeling
of workflows in various technological devices.
With its help, it is possible to deeply and fully investi-
gate the influence of structural and operational factors
on the main characteristics of the device and outline
specific ways to improve them, while significantly re-
ducing the amount of experimental research.

Review of research sources and publications

In [2, 3], on the basis of experimental studies, it was
found that the best compaction of soils is usually
achieved at values of amplitude vibration accelera-
tions close to the acceleration of gravity. Under the ac-
tion of attractive forces, inertial forces and static load
axial forces, particles of a dispersed material tend to
reorient and more densely fit each other in a given
volume, accompanied by the occupation of more sta-
ble equilibrium positions. At the same time, the de-
struction of the initial structural formations of the
«arches» and «bridges» types is observed, followed by
a uniform conclusion of the particles forming them,
which have an increased mobility in the direction of
the static load force by reducing the effective coeffi-
cients of internal and lateral friction to zero. In [4, 5]
there is researched a fluctuation model particle disper-
sion medium under the action of vibrations. The phe-
nomena of «vibro-boiling» were analyzed, when a
particle loses contact with a vibrating working body,
and the bonds between particles decrease and are peri-
odically broken. This state is characterized by loosen-
ing of the medium and enhanced circulation of the
particles that make it up. The disadvantage of these
scientific works is the lack of a mathematically-based
behavior of dispersed materials under the action of vi-
bration and vibro-impact load.

In the scientific work [6], a systematic approach to
the technological process of forming vibration (VM)
and vibro-impact machines (VIM) based on the
HID was considered. It enabled to develop a mathe-
matical model for its evaluation. Relationships be-
tween the parameters of subsystems on the basis of a
vibropress equipment with a HID for forming blanks
from powder materials are determined. Based on the
mathematical model of fuzzy sets was estimated effi-
ciency of the processing facility. But this technique
does not enable to investigate the physicomechanical
processes occurring directly in the equipment of the
VM and VIM on the basis of the HID.

Definition of unsolved aspects of the problem

Study of physico-mechanical processes that occur in
the HID based on the calculations of motion’s equa-
tions and expenses with a computer [6]. This method
does not enable to evaluate the influence of hydrody-
namic processes occurring in the executive and regu-
lating units of the HID, despite the complexity of the
calculations and the assumptions made in the mathe-
matical description of the working process, which, as
experimental data accumulate, can be refined.

Solving these problems is impossible without using
the Navier-Stokes equation, which requires the use of
the finite volume method to study the complex motion
of the working fluid under different flow conditions
[5]. Conducting such studies is based on modern
methods of mathematical modeling with calculations
on a computer using modern, advanced algorithms.
It enables to prevent an unjustifiably large number of
complex and expensive experimental studies, signifi-
cantly reduce the time and cost of design work, con-
duct qualitative and quantitative assessments of physi-
cal phenomena with sufficient accuracy for engineer-
ing practice [1].

Therefore, the construction of a mathematical model
that enables to describe the behavior of a dispersed
medium under vibration and vibro-impact load under
various operating modes of a HID on the inertial vi-
bratory rammer with the aim of determining the basic
performance characteristics of technological process-
ing of building materials is an urgent task.

Problem statement

The aim of the work is to increase the efficiency of
theoretical research of the surface soil treatment tech-
nology through the development of promising mathe-
matical models for the physical processes of inertial
vibration compaction using HID-based devices.

To achieve this goal the following tasks were
solved:

— to develop an effective inertial inertial vibratory
rammer with HID based on a two-stage pulsator valve.
This will allow to realize the most effective modes of
vibration impact on the processed media.

— develop the mathematical model for the technol-
ogy of surface compaction of soils with inertial vibra-
tory rammer based on the HID with a two-stage pulsa-
tor valve;
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— on the basis of the developed mathematical
model, to obtain working dependencies to determine
the main characteristics of the studied technological
process.

Basic material and results

In Vinnytsia National Technical University, the
Department of Industrial Engineering has developed
inertial vibratory rammer based on the HID [7].
Figure 1 shows the three-dimensional CAD-model of
inertial vibratory rammer based on the HID.

This installation consists of the following main
structural elements: to tamping plate 1, through the
outer walls 2, attached to the cover 3. The cover 3 is
attached to the tamping plate 1 guides 4.

Figure 1 — Three-dimensional model
of inertial vibratory rammer based on the HID

In turn, a fastening assembly 5 and a body of a two-
stage pulsator valve 8 connected through a power
springs 6 and power rails 7 are attached to the cover 3.
The housing of the two-stage valve-pulsator 8 addi-
tionally performs the functions of a movable hydraulic
cylinder in a fixed piston-guide 9. In the case of a two-
stage pulsation valve 8§ there is a valve of the second
cascade 10 and a valve of the first cascade 11.
Their mutual movement is regulated by springs 12
and 13, respectively, by the throttle 14 and the adjust-
ing screw 15.

Figure 2 shows the three-component (flat multi-
mass) inertial model with irresistible contacts between
the masses. It enables to simulate the elastic-viscous
properties of soil layers 1, 2, 3 along the x and y axes
(the nature of the medium movement along the x and z
axes is equivalent, therefore it is advisable to consider
only the motion along the x, y axes).

Studies [8] show that oscillations from the working
body 4 (see Fig. 2) (ramming plate 1 (see Fig. 1)) iner-
tial vibratory rammer with a mass M are transmitted to

the upper layer of soil 1 touching it, with a concen-
trated mass m;, and further below are located layers of
soil 2, 3, with concentrated masses m,, ms. The fre-
quency of oscillations of the entire mass of the soil
layer 1 in the zone of vibrations is the same. And the
amplitude decreases with distance from the surface of
the working body until it goes out altogether.

Thus, a characteristic feature of the operation of in-
ertial vibratory rammers is that the soil is subjected to
the vibration effect in a limited area of the working
body.

The dimensions of this zone are determined by the
oscillation mode and the location of the inertial ram-
mer itself, as well as the properties of the soil itself.

T

T T e T e

Figure 2 — Dynamic model for the technological
process of surface compaction of soil by
the inertial vibratory rammer with the HID

There are introduced two moving coordinate sys-
tems — x'0'"y', rigidly connected to the working body
4, and x"'O"'y", rigidly connected to the hydraulic cyl-
inder 5 (see Fig. 2) (the body of the two-stage pulsator
valve 8 (see Fig. 1)). And also there is introduced the
absolute (fixed) coordinate system xOy.

The system of equations (1) for the law of the
movement of the soil layers 1, 2, 3 during the contact
interaction of the working body 4 with the upper layer
of soil 1 is shown in this system of equations:
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1 — is the absolute coordinate of the working body
position4;

V', Y2, V'3, X'1, X'5, x'3 — coordinates of the soil
masses layers 1, 2, 3;

ky = kyl k’yl / (kyl + k'yl)a kx = kxl k’xl / (kxl + k’xl) -
equivalent stiffness of soil layers 1, 2, 3, respectively;

x> 1, — the projections of the internal friction coeffi-
cients on the x and y axes, respectively;

¢y, ¢y — component coefficients of viscosity along
the x and y axes respectively;

Niyy, Nayy, Niy, — internal reaction forces within the
concentrated masses mp, m,, m; on wedge-shaped plat-
forms at an angle of 45°;

m'yy = m'y; = 0 — additional rheological masses;

Ny 4(1) =k, y)'+c,,1»", —normal reaction of soil layer

1 to load carrier 4.

-m (G ) =N () +k (= y), +

+c”(j/" - y') -mg+ 2sign(j/"),ume;

—m (3 + V) =k () =)k (= y)

ve (3 =3)+e 6L -3 -mg+
+2sign(j/£),u‘N“;

m (5 + ) =k (=) kY + )
+c (y' - y') + c”j/: -mg+ 2sign(j/:),u‘NM;

m‘)'c'" = —kyx" - c”x" + sign(j/:)y‘Nm;

mx: = —k\x: - c”xi + sign(j/:)y‘N“;

: = —k‘x: - c”x: + sign(j/;),u‘Nm;

mXx

3

The law of the movement for the working body 4:
M =-Mg+ N ()= k((L-y)+y)+N_, ()
where M — the mass of the working body 4;
0 — the number of return springs with the rigidity &

with the initial tension y(') ;

L — internal height of the inertial ramp;
Nys — is the force of the gan working reaction 4 from
the contact interaction with the inertia mass 5.

The law of motion for the inertial mass M, is:

M (V' +3)=-Mg+ok((L-y)+y)-

—”pé(t)dS+cj/+Nzl +N +Czj’j_ 3)
k(¥ +y-N,
where p (¢) — is the changing the pressure function of

the working fluid in the internal cavity of a two-stage
pulsator valve,

.U p (0dS — forces acting on the inner surface S'of the

inertial mass M,

¢, — 1s the coefficient of viscous friction between the
walls of the inertial mass 5 and the piston of the work-
ing body 4 (see Fig. 2),

N,y —is the vertical component of the reaction force of
the conical support from the conical valve of the sec-
ond stage 7,

N,y — is the vertical component of the reaction force of
the cylindrical and conical surfaces valve of the first
cascade 6,

¢, —is the coefficient of viscous friction between the
walls of the inertial mass 5 and the valve of the other
cascade (see Fig. 2),

k, —is the spring stiffness of the valve of the second
cascade,

k, — is the preload of the valve spring of the second
cascade.

Since the valve of the first cascade 6 along the y axis
always moves together with the inertial mass 5, it is
therefore advisable to record the law of motion of the
valve of the first cascade with mass M, only for the x
axis:

M =N vk i+ = [[prds +ei’, @
where p . (#) — the function of pressure change of the

working fluid in the internal cavities C and D of the
two-stage pulsator valve;

IJ. p,(1)dS — forces acting on the inner surface of the

s

inertial mass S ';
¢, — 1is the coefficient of viscous friction forces be-
tween the walls of the inertial mass 5 and the piston of
the working body 4 (see Fig. 2);

Ny, — is the reaction force of the conical support

from the conical valve 7, moreover N, = |N ] ‘|, since

the conical surface is made at an angle of 45° to the y
axis.

The law of movement for the second cascade valve
of mass M;:

MG+ w5y =-Mg - [[p0as - N, -
(%)
e+ k (] + ),
where p.(7) — is the function of changing the pres-

sure of the working fluid in the internal cavities 4 and
B of the two-stage valve-pulsator;
U” ods forces acting on the outer surface of the

valve of the second cascade S ;

¢, — is the coefficient of viscous friction forces be-
tween the walls of the inertial mass 5 and the piston of
the working element 4 (see Fig. 1);

N,y — reaction forces of the conical surface of the
valve of the second cascade from the conical seat of
the inertia mass 5.
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In this case, the inertial forces of the working fluid
acting on the operating organs of the inertial vibratory
rammer are neglected, as bearing a small contribution
to the change in the motion of the inertial vibratory
rammer in general.

In order to write down a completely mathematical
model of the operation of the inertial vibratory ram-
mer, the operation of the HID at the appropriate work-
ing phases of the two-stage valve-pulsator should be
considered.

1. Phase of pressure set. In this phase, the conical
valves with masses M; and M, are at rest, and the
conical valve M, blocks the pressure cavities 4, B and
C from the drain cavity D (see Fig. 1). It leads to a set
of pressure in the pressure cavity A4, so the main pres-

sure p () acts on the area (S — S). It should be noted

that this phase occurs during the period of time ¢,
when the mobile body 4 contacts the surface of the
upper soil layer 1. At this phase, the inertial mass Mj,.
And at this stage there is a joint movement of the iner-
tial mass M;, and locking elements of mass M; and
M,.

For this phase 7 <7<t we write the following

conditions:

H p.(1)dS <kx'; H p(0)dS <ky';

s s

Y=y =0; 3(1)=3"(0) =30 (6)

X()=0; 0=y(1)2y 5 N, =0,

where y]' ~ — maximum stroke of inertial mass M.

2. Phase of operation (opening) of a two-stage pulsa-
tor valve. At this phase, the force from the pressure

” p,.(£)dS acting on the area S; of the valve of the

first cascade 6 is equalized with the tension force of

the adjusting spring & x:] , that is:
” p.()dS > kx @)

leading to open it. When the valve of the first cascade
6 is opened, the pressure cavity C communicates with
the drain cavity D. This cavity message results in the
relative velocity of the working fluid in the internal
cavity of the two-stage pulsator valve. In turn, the
fluid velocity in the internal cavity of a two-stage pul-
sator valve causes a pressure drop in the pressure cavi-
ties 4 and B due to the presence of a throttle hole in
the valve of the second stage 7. The pressure different
in the pressure cavities 4 and B results in the appear-
ance of a force cascade move. When it happens, it is in
the opening of this valve and, accordingly, the mes-
sage of the pressure cavity 4 and drain cavity D.

At this phase, the inertial mass M, also moves to the

maximum displacement y’ -, the valve of the first

cascade M, to the maximum opening x]”v and the
valve of the second cascade M, to the maximum open-
ing. Therefore, for this phase ¢ <7<t , there are

got the following conditions:

[[p.yds > k" [[ pords =k y"s ¥ = 0;

s s

N =0 Y0 =7 @;02x (@) 2x" ;N =05 (8)

3. Phase closing (lowering) of the two-stage valve-
pulsator. At this phase, the working fluid is drained
through the drain cavity D into the hydraulic tank 8. It
causes a pressure drop in the pressure cavities 4, B, C.
At the same time, the valve of the first cascade with
the mass M, begins to descend to its original place,
(the place of overlap of the pressure cavity C from D).
After the pressure cavity C has disconnected from the
drain cavity D, the relative velocity of the working
fluid in the internal cavity of the two-stage pulsator
valve becomes zero. In turn, the relative immobility of
the working fluid in the internal cavity of a two-stage
pulsator valve causes pressure equalization in pressure
cavities A and B. As a result of pressure equalization
in pressure cavities 4 and B, the spring tension of the

second stage valve k_ (| y"|2 + y\:lz) causes the valve of

the second stage 7 to return to its original position.
When it occurs, there is the closing of the pressure
cavity A from the drain cavity D.

At this phase, reverse movements of the inertial
mass M;,, the valve of the first cascade M; and the
valve of the second cascade M, to the initial position

also occur. Therefore, for this phase + <t <¢ , here

are the following conditions:

[ sz kxs [[p.ras=ky"s ') =0;

s s

0> yl/(t) > yl'm\; N =0;N =0; N =0.

After the end of the closing (lowering) phase of the
two-stage pulsator valve, the inertial mass 5 returns to
its original position with the acquired speed

v = j/:(tﬂ ). When this occurs, the impact interaction

with the working body 4 occurs. With impact interac-
tion, the inertial mass 5 picks up the working body 4
and they together with the initial velocity vy, begin to
move upwards (a model of an ordinary body thrown
vertically upwards with some initial velocity [9]). The
total speed of the entire inertial vibratory rammer v,, is
determined from the law of conservation of momen-
tum [10], namely:
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(M +M +M)

1%

M

= L. (10)
(M +M +M +M)

The movement of the working body 4 should be
considered for two cases, namely: when the mobile
body 4 contacts the surface of the upper soil layer 1
and when the working body 1 does not contact the sur-
face of the upper soil layer 1 (the jump mode after the
shock interaction of the inertial mass 5 and the work-
ing body 4 ).

Conditions working body motion 4 for the jump pe-
riod

t <t<t

1 2

(11)

after the shock interaction of the inertial mass 5 and
the working body 4 (no contact of the working body 4
with the surface of the topsoil 1) for two cases,
namely:

5@J>Hpj0%:ﬂq):m
y(t)=v; N (1)=0;

s < [ p.was;
: (13)
N (=0, N_(1)=0.

Conditions working body motion 4 for the period
t, <t <t (fy — is the beginning of the countdown of

the inertial vibratory ramming operation) of the work-
ing body 4 contacting the surface of the topsoil 1. In
this case, two cases must also be considered:

t =

t: Sky > _Up (1)dS;

y)=-v; y(@)=0, (14)
where t,-1,=20;,/g — flight time inertial vibratory ram-
mer.

To determine the pressure change in the HID cavity,
it is necessary to supplement the above laws of motion
with the Navier-Stokes system of equations and the
continuity equation (15, 16) for weakly squeezed flu-
ids.

In this system of equations (15, 16) Q€ R’ — is the
three-dimensional region (internal cavity of the HID)
in which the working fluid moves, p, — is the initial
density of the working fluid, p, — is the initial pressure
of the working fluid, Oy — is the flow rate of the hy-
draulic pump when fed into the pressure cavity
through inlet pipe, Sy — cross-sectional area of the inlet
pipe of the HID.
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ot Ox oy Oz p Ox
Vv 0 oV Gl Gl
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ox oy oz ( )
J— 3
14 |dQ =0, QeR ;
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ool vt il ] B
ot Ox oy 0z p Oy
v o [oV oV oV
+—— —”+—”+—” +
30y \ox oy 0z

ov. oV oV
+v —”+—”+—” ;
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— |V — V= +
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v o oV oV or
T B S B
30z \ox 0% 0z

ov. eV oV
v L SRS
ox oy 0z

(m+mﬂ +m4)g+ky;
phﬂ=a+ - .
(s-5)

A mathematical model of the technological process
of surface compaction of inertial vibratory rammer,
represented by the systems of equations (1) - (16), was
implemented by numerical simulation methods based
on the FlowVision [11] and Matlab-Simulink [12]
software systems. The simulation results are the pres-
sure distribution in the working cavity of the HID in-
ertial vibratory rammer (Fig. 3).

From Figure 3 it can be seen that the throttle 14
mounted in the valve of the second cascade 10 (see
Fig. 1) makes a significant character in the pressure
change (2 MPa) in the cavity between the valve of the
first 11 and the second 10 cascades (see Fig. 1).

(16)
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a) b)

Figure 3 — Pressure distribution in the working
cavity of inertial vibratory rammer
based on the HID:

a) in the yOz plane; b) in the yOx plane

Also, one of the simulation results is the distribu-
tion of pressure and velocity in the working cavity of
the HID inertial vibratory rammer (Fig. 4).
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a) b)

Figure 4 — Velocity distribution of the working
fluid in the cavity of inertial vibratory rammer
based on the HID:

a) in the yOz plane; b) in the yOx plane

Analyzing Figure 4, it can be observed extreme val-
ues of speeds in the valvesseats of the first 11 and
second 10 stages, respectively (see Fig. 1), as well as
at the throttle bore 14. These extreme speeds can
cause cavitation phenomena that can adversely affect
technical state of HID parts.

Numerical modeling of hydrodynamic processes of
the HID inertial vibratory rammer enabled to obtain:

1) diagrams of pressure changes (Fig. 5) in working
cavities 4 and B (see Fig. 2);

2) changes in movement (Fig. 6) of the housing of a
two-stage pulsator valve 8, valve of the second stage
10 and valve of the first stage 11 relative to tamping
plate 1 (see Fig. 1);

3) changes in the speed (Fig. 7) of the housing of the
two-stage pulsator valve 8, the valve of the second
stage 10 and the relative valve of the first stage 11
relative to the tamping plate 1 (see Fig. 1).
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Figure S — The pressure distribution
of the working fluid in the empty inertial
vibrating rammer based on the HID:

1 —in cavity 4; 2 — in the plane B
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Figure 6 — Changing the movement
of moving elements of inertial vibratory
rammer based on the HID:
1 — the body of the two-stage valve-pulsator 8;
2 — valve of the second cascade 10;
3 — valve of the first cascade 11
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Figure 7 — Changing the speed of moving
elements of inertial rammer based on the HID:
1 — the body of the two-stage valve-pulsator §;
2 — valve of the second cascade 10;
3 —valve of the first cascade 11

Additional absolute displacement diagrams (Fig. 8)
of the two-stage pulsator valve 8 body were obtained,
taking into account the jump of inertial vibrating
rammers over the soil surface 2, as well as the mass’
centers of soil layers 1, 2, 3 of the loam type [10]
(see Fig. 2).
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Figure 8 — Change in the absolute movement
on technological objects of surface soil compaction:
1 — two-stage valve-pulsator housing;
2 — the mass’ center of the soil layer 1;
3 — the mass’ center of the soil layer 2;
4 — the mass’ center of the soil layer 3

From the absolute displacement diagram for the
mass centers of soil layers 1, 2, 3 of the loam type, it
can be seen that the maximum deformation of the soil
surface (upper layer 1) is 1.2 cm at an oscillation fre-
quency of inertial mass 5 (see Fig. 2) 8.7 Hz.

Conclusions

An effective design of inertial vibrating rammers,
based on a two-stage pulsator valve, has been devel-
oped. It enables to implement the most effective
modes of vibration exposure with surface compaction
of the soil.

On the basis of the hydrodynamics laws with the use
of mechanical rheological phenomenology and gener-
alized laws of mechanics, a new mathematical model
has been developed for the study of technological
processes of surface soil compaction with inertial vi-
bratory rammer.

On the basis of the developed mathematical model,
using the method of finite volumes using numerical
simulation, the working dependences for determining
the basic performance characteristics of the techno-
logical process of surface soil compaction using iner-
tial vibratory rammer based on the HID are obtained.

The obtained results of numerical simulation for
technological processes of surface soil compaction by
the inertial vibratory rammer based on the HID. They
showed the advantages of the chosen design approach,
and also allowed to prove the effectiveness of the de-
veloped HID design, based on a two-stage pulsator
valve.
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The article is devoted to creation and substantiation of experimental research method of vertical differential grout pump with
flowing piston mark PH 2-4, developed by researchers at Poltava National Technical Yuri Kondratyuk University.
Experiments type has been substantiated, variation intervals of the studied parameters values have been determined, the
preparation of the experimental sample of the grout pump for research has been described, an experimental installation for re-
search has been designed, the measuring means have been selected, the conditions for performing the experiments have been
determined. This technique enables to find the rational values for the following parameters of the solution pump when work-
ing with plaster solutions of different displacement: working body frequency movement, diameter, mass and height of lifting
over the valve, the hole diameter in the valve sockets.

Keywords: plastering works, plaster works complex mechanization, plaster works mechanization equipment, mortar trans-
portation by pipelines, mortar pump, test facility, test procedure, experiment, experimental accuracy.

OOrpyHTYBaHHSI METOAMKH €KCIIEPUMEHTAJBHUX JI0CJTi/IZKEHb
BEPTHUKAJIBHOIO AM(epeHialbHOIr0 PO34YMHOHACOCA

Hapooxo B.B.'*

' Tlonrascpkuii HanioHANBHMIT TeXHiUHMI yHIBepcuTeT iMeni FOpis Koumparioka
Anpeca i nmuctyBanHs: vnadobko@gmail.com

CTaTTIO NPUCBAYCHO CTBOPEHHIO Ta OOIPYHTYBAaHHIO METOJMKH €KCIIEPUMEHTAIbHUX JOCIIIKEHb BEPTUKAIBHOTO AudepeH-
[iaJbHOrO PO3YMHOHACOCA 3 MPOTOYHMM ropurHeM Mapku PH 2-4, po3pobieHoro HaykoBisiMu [1onTaBCcbKOro HalioHaIbHO-
ro TexHiuHoro yHiBepcurery imeHi IOpis KonnpaTioka. MeTolo eKCriepUMEHTAIBHHAX JOCTIDKEHb €: NepeBipKa BUCYHYTHX
i 9ac aHAJIITHYHUX TOCII/PKEHB TilloTe3, OOIPYHTYBaHHS BUOOPY HAWOIIBII pallioOHAIBHUX 3HAY€Hb OCHOBHUX KOHCTPYK-
THUBHHUX ITapaMeTpiB po3po0IIIOBAHOTO PO3UMHOHACOCA, OOTPYHTYBAHHS c(epH 3aCTOCYBAHHS METOIIB PEryJIIOBAaHHS ITOJadi
[UIIXOM 3MiHH JOBXHHH Ta IIBUIKOCTI pyXy poO0OYoro oprana, a TakoX OTPHMAaHHs €KCIUTyaTallifHUX PETyITIOBAIIbHAX Xa-
PaKTepHCTHK JOCIIIKYBaHOro Hacoca. OOGIPYHTOBAHO THI E€KCIICPUMEHTIB, BU3HAUYCHO HMPOMIDKKHM BapifOBaHHS 3HAYCHb J10-
CII[DKYBaHMX MapaMeTpiB, OMMCAHO MiIrOTOBKY €KCIIEPUMEHTAIBHOTO 3pa3ka po3yMHOHAcOca I JOCIIiKEHb, CIIPOEKTOBA-
HO EKCIIEPUMEHTAIbHY YCTAaHOBKY AJIsS JOCHIIKeHb, BHOpAHO 3acO0M BUMIpIOBaHb, BU3HAYCHO YMOBH BHKOHAHHS JOCII/iB.
Sk kpuTepiit eheKTUBHOCTI NPUAHATHX KOHCTPYKTHBHHX PillIeHb PUHHATO 00’ €MHUI KOoe(illieHT KOPUCHOT il pO3YrHOHA-
coca. BuroToBneHna qoCiiiHHAIbKA YCTAHOBKA [JO3BOJISIE TIPUTOTYBATH OyIiBeJIbHHII PO3UMH HEOOXITHOT pyXOMOCTI Ta CKIIaxy
1 BU3HAYUTH Yac HAIOBHEHHS MIpHOI MICTKOCTI IPH Pi3HMX KOMOIHALISX BEIMYHMH JOCIIUKYBaHUX KOHCTPYKTHBHHX Iapa-
METpiB PO3UMHOHAcCOCA. 3HAUHY yBary HPUIUICHO BU3HAYEHHIO IIOXHOOK IPOBEJCHHS CKCIICPHMEHTIB. 3alpONOHOBAaHA Me-
TOJMKA JIO3BOJISIE TapaHTyBaTH 3 iMOBipHicTIO 90%, 110 abcooTHA NOXHUOKa Y BU3HAUeHHI 00’ €MHOT0 KoedillieHTa KOpHUCHOT
Iii Ha OCHOBI cepeHbOapH(METHIHOTO 3HAYCHHS I’ ITH 3aMipiB IPU KOXKHIH KOMOIHAIT JOCIIUKYBaHIX ITapaMeTpiB, 3yMo-
BJICHA CHCTEMATHYHOO | BUIIAJIKOBOIO CKJIAJIOBOIO, HE TepeBUIUTh 1,9%. Taka MeToaMKa D03BOJIMTH 3HANTH pallioOHaIbHI
3HAYCHHsI HACTYITHUX MapaMeTpiB po3dyMHOHAcOCA MPH PoOOTi 31 MITyKATYPHUMH PO3YMHAMH Pi3HOI PyXOMOCTI: 4acToTa py-
Xy pobouoro oprana, AiaMeTp, Maca i BUCOTa MiaifoMy HaJ FHI3[OM KyJIbOK KJIalaHiB, AiaMeTp OTBOPY B HI3[axX KJIalaHiB.

KorouoBi ciioBa: mrykaTypHi poOOTH, KOMIUIEKCHA MEXaHi3allisl IITYKaTypHUX poOiT, 3aco0M MexaHizalii MTyKaTypHUX
poOiT, TpaHCIIOPTYBaHHsI OyIiBEIbHUX PO3YHHIB TPYOOIPOBOJAMH, PO3UHHOHACOC, BUIPOOYBAJIbHHUI CTEH[, METO/MKA BH-
poOyBaHb, EKCIEPUMEHT, IIOXUOKA EKCTIEPUMEHTY.

30 Academic Journal. Series: Industrial Machine Building, Civil Engineering. — 1 (52)' 2019.




Introduction

During the construction of multi-dwelling houses, a
significant amount of construction work is made by
plastering walls wet processes. They are labor-
intensive and difficult to mechanize. Recently, trans-
porting building plaster solutions to the workplace
plaster on pipelines technology is widely used for the
purpose of their mechanized application on the surface
to be treated with the help of a special nozzle. During
the transport of plaster mixes by pipelines, there are
problems [1, 2, 3], which were tried to solve by a
number of scientists.

Review of research sources and publications

The researches of the Department of Building Ma-
chines and Equipment [4, 5] Poltava National Techni-
cal Yuri Kondratyuk University have made significant
progress in solving these problems [6 — 14], proposing
the design of new machines and substantiating their
effectiveness. Technological process main machine
for plastering works is a grout pump. A group of sci-
entists and the author of the article as well, developed
a vertical differential grout pump of a new design,
which was called PH 2-4 [15 — 21].

Definition of unsolved aspects of the problem

The results of analytical studies and the design of the
experimental sample displayed the advantages of the
developed grout pump before the existing ones. How-
ever, they enabled only the qualitative dependence on
influence of the design parameters on the efficiency of
its work. Therefore, the purpose of experimental stud-
ies is to check the hypotheses proposed in the process
of analytical research, to substantiate the choice of the
most rational values of the basic design parameters of
the grout being developed, to validate the scope of the
application supply control methods by changing the
length and frequency of the working body stroke, as
well as obtaining the operational control characteris-
tics of the pump under test.

To achieve the above objective, the following tasks
need to be solved:

— to determine the type of experiments;

— to determine the range of variation of the values of
the parameters under study;

— to prepare an experimental sample of a mortar
pump for research;

— to create an experimental plant for research;

— to select measurement tools;

—to determine the conditions for the experimenta-
tion.

Problem statement

The purpose of this article is to create and substanti-
ate the methodology of experimental research of a ver-
tical differential solenoid pump with flowing piston of
the mark PH 2-4.

Basic material and results

Considering the task set for the study of the dis-
solved pump design parameters influence developed
on its volume efficiency, laboratory experiments were

selected, since they are less labor-intensive and, due to
the high reproducibility of the conditions for the pro-
duction of experiments, enable to obtain fairly accu-
rate results.

In order to achieve the set goal, it is provided in the
process of staging experiments to be varied by the fol-
lowing parameters of the grout pump: height of lift,
diameter and ball of the suction valve, as well as the
mass of this ball at constant diameter, length and fre-
quency working body movement.

In connection with it, steel balls with a diameter of
40, 50 and 60 mm in weight, respectively, of 0.26,
0.51 and 0.89 kg were purchased for the suction valve
(Figure 1, 3). Two Silverstone balls are cast in diame-
ter 60 mm (Figure 1, 3). Due to the presence of inter-
nal weighing cores, their masses are 0.28 and 0.55 kg,
which is close to the masses of steel beads with di-
ameters, respectively, 40 and 50 mm. Instead of a
standard ball valve lifting limiter, adjustable balls
(Figure 1, 4 and Figure 2, 3) are made for each ball
size, which allow a height change of 0...25 mm to be
changed. They are supplied with replaceable valve
sockets (Figure 1, 2 and Figure 2, 4). The diameters of
these nests are arranged so that for each size of the
ball, the value of K is provided in the range of
0.3...0.9 in increments of 0.1 and is 12, 15, 16, 18, 20,
24,25, 28, 30, 32, 35, 36, 40, 42, 45, 48 and 54 mm.

The stroke length of the operating body of the grout
pump is changed by the normal supply regulator
within 0...72 mm.

A pair of step pulleys (Fig. 1) is made to change the
operating frequency of the working member.
The steps of the diameters are calculated in such a
way that, in the presence of a standard motor, consid-
ering its slipping, the operating frequencies of the op-
erating unit of the grout pump are 126.0,
151.5 and 177.0 rpm (gradation is 25.5 rpm).
These frequencies correspond approximately to the
theoretical performance of the pump 4, 5 and 6 m*/h.
The type of section and tension of the belt are chosen
from those considerations, in order to avoid slipping
in the range of loads under investigation (up to
0.6 MPa). The results of search experiments displayed
that there is practically no increase in the slippage of
an electric motor with increasing load in this range.

Figure 1 — Grout pump replaceable elements
for varying studied design parameters value
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An experimental installation (Figure 2) has been de-
signed and manufactured for research of the consid-
ered grout pump, which includes the mixer for solu-
tion 1, the investigated pump 2, the load device 7 and
the measuring capacity 5. The discharge pressure is
monitored using a standard pressure gauge 6.

Figure 2 — Experimental installation schematic
diagram for the study of grout pumps

The capacity of the mixer for the solution is deter-
mined by the required volume of the prepared batch,
which is determined from the following considera-
tions: 20 liters of solution are required for filling the
loading arm, measuring capacity 60 liters, 10 liters of
the suction arm and cavities of the grout pump. In or-
der for the grout pump not to «swallow» the air during
the suction cycle, at least 80 liters of solution must
remain in the mixer. Since the mixing efficiency is
significantly reduced when the mixer’s working body
is fully buried, we reserve a reserve volume of 110 li-
ters. The mixer capacity in this case is 300 liters.

It is equipped with a reversible belt unit with a rota-
tional speed of 18 rpm, which consists of two equal
parts with opposite winding. In this case, when the
shaft rotates in one direction, the solution flows to the
middle of the bunker, and when it rotates to the other,
to its ends. Reversible rotation of the mixer provides
faster and better mixing of the solution. In the middle
lower part of the mixer there is a pipe for connecting a
grout pump.

For ease of maintenance, the studied pump, together
with the mixer, is raised above the floor to a height of
0.3 m. The suction inlet of the mortar pump is con-
nected to the hopper by a vacuum sewage rubber hose
with a metal frame 75 mm in diameter and 0.7 m long
and the pump, freed from the metal frame and in order
to prevent air leaks, are carefully crimped with an-
nealed steel wire.

Mutual arrangement and connection of the mixer
and mortar pump correspond to the most used in real
conditions of the construction site.

A plaster rubber-fabric sleeve with a conditional
passage of 50 mm, designed for a pressure of
4.0 MPa, 20 m long, rolled into a coil with a diameter
of at least 2 m is used as a load device. It is connected
to the pump using a standard quick-release coupling.

The measuring tank with a volume of 60 liters is
made in the shape of a cylinder with a diameter of
300 mm with the bottom. The design of the stand en-
ables it to tip over for emptying into the mixer.

The experimental set also includes: a special scraper
for cleaning the remaining solution from the measur-
ing container and a device that prevents the solution
from passing into the suction hose from the mixer
while the suction nozzle is disconnected from the mor-
tar pump for the next setting of variable parameters of
the suction valve.

Removal of the spent solution and flushing of the
system is carried out using the mortar pump under
study. The water supply is provided from the water
supply both for flushing and cooling the seal of the ro-
tor pump rod, and for flushing the mixer and measur-
ing container after removing the spent solution from
the system.

The appearance of the installation is shown in Fig-
ure 3.

Figure 3 — Experimental installation
for grout pumps study

For research, we use the most frequently pumped
mortar-pumped lime-sand grout of a 1:3 composition
with aggregate fractions up to 5 mm. Its mobility is
determined using the standard cone according to the
method described in [22].

Exploratory experiments have shown that with stir-
ring in a mixer and when pumping a solution by a
pump over a closed ring, its intense heating occurs,
which in turn leads to a change in its consistency.
A specially conducted series of measurements showed
that an increase in the mobility of a solution by 1 cm
occurs when its temperature increases by 3...4 °C.

Following measurement procedure was adopted.
Set the required values of the studied design parame-
ters. The solution is prepared somewhat lower mobil-
ity than is necessary for the formulation of experience.
When the solution in the bunker becomes homogene-
ous, the mortar pump is turned on and the mobility of
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the pumped medium 1is periodically measured.
As soon as its value reaches the required value, the
pressure is transferred from the mixer to the measur-
ing tank with simultaneous activation of the stop-
watch. The time of its filling is noted and the mobility
of the solution is measured again. If the mobility dur-
ing the filling of the tank has not changed, the result of
the experiment is considered valid. Otherwise, if the
solution is fresh, let it cool and repeat the experiment,
and if it is outdated, replace it.

Thus, the experimental setup enables to prepare a
grout of the required mobility and composition and
determine the time for filling the measuring capacity
with various combinations of the values of the studied
design parameters of the grout pump.

Measuring instruments and experimental tech-
niques. The chosen volumetric efficiency of a grout
pump as a criterion for the effectiveness of design so-
lutions. 7,, %, cannot be measured directly. It is de-

termined by indirect methods — by direct measurement
of its functionally determining quantities.
It is advisable to use the following dependency

9

po=Ligg- 210V 0
Or 7-D°-n-L-t

where O — experimentally measured pump flow;

Or — theoretical supply;

V — measured capacity volume, V'=60 L;

D — grout pump piston diameter, D = 100 mm;

L — pump body stroke length, mm;

n — working body movement frequency, rpm;

t — time of filling with a solution the measuring tank.

Calibration of the measuring tank was made by
weighing method by weighing it in an empty and
filled with water condition. Water was poured until
the mass of the tank with water exceeded by 60 kg the
mass of the empty tank. For this purpose, we used
platform scales mobile scale PIT-20011113 with a scale
of 50 g. It is considered the piston diameter to be an
exact value equal to 100 mm, since the inaccuracy is
enabled by us in this case is negligible compared to
the measurement accuracy of other quantities included
in the above formula. It is determined the length of the
stroke working body using the square with the price of
1 mm division. The time of filling the measuring ves-
sel with a solution and the frequency of working body
movement are determined using the stopwatch
CACrp-1-2-800 with a dividing price of 0.1 s. As a
result of exploratory experiments, it was established
that the inaccuracy of the established number of
strokes of the working body within 1 minute is no
more than = 0.5 double strokes. Over this limit, the
values did not go out either with an increase in load or
with variation of the power network parameters.

The measurement inaccuracy is determined by the
recommendations set out in [23, 24]. To do it, in the
center of the response surface (in the area of the ex-
pected extremum), select the “point” and, using the
proposed method, find the volume efficiency here.
The following values of the studied design parameters
were chosen as such a «point»: D;; = 60 mm (steel

ball), OK =10 cm, n =126 rpm, H =15 mm, K = 0.7,
L =72 mm. The filling time of the measuring tank was
68.7 s. Then, the volumetric efficiency is

24-10° - 60
- -735. 2
T 1012672687 @

The relative inaccuracy o, %, in the definition of the
values included in the formula are:

V20,05

Sy == 100012

0 :mIOO 0.4;
126

V211

o :—100—1 96;
72

3

5, =21 100-0.15,
68.7

where is the multiplier ~2 means that the inaccuracy
is calculated as the value of the lower and upper
measurements inaccuracy. All of these inaccuracies
are components of the non-excluded residuals of sys-
tematic inaccuracy.

Boundaries ©;, %, for inaccuracy in determining the
volumetric efficiency introduced ; onsisting non-
excluded residuals of systematic inaccuracy distin-
guished by formula

7o
0,=1 5, 4

100 7 @
Then
@, =10 .5, =735 4 12-0.09;

100 100
0, = 3)00 n_% 04=029;

73.5 ©)

@, =10 .5 =2 .196=1.44;

100 100
0,=10 .5 =735 g 15-0.11.

100 100

Non-excluded residuals of systematic inaccuracy
boundaries ®(P), %, at the figure of compounds N > 4
is counted [24] by formula

j=4
O(P)=+k- /jz(aﬁ. , (6)
j=l

where k — coefficient determined by the selected con-
fidence level P and figure N compound [23]

©(0.9) = £0.95x
, (7

x10.092 40292 +1442 +0.11> =+1.4

An additional inaccuracy introduces inaccuracy of
the solution composition dosage and the change in its
properties over time. To reduce its influence, all
measurements made at each «point» are distributed in
time, performing them in different batches and in dif-
ferent sequences with measurements at other «pointsy.
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To obtain empirical dependencies, statistical meth-
ods were used, such as experiment planning and the
least squares method, which enabled not only to re-
duce the amount of experimental work, but also to ob-
tain a fairly reliable and accurate mathematical inter-
pretation of existing patterns. The most effective, and
most importantly, correct use of these methods re-
quires preliminary processing of measurement results,
which consists in evaluating the experimental error
with the required reliability, determining the required
number of experience repetitions, eliminating gross
measurement errors, verifying the compliance of the
distribution of measurement results with the law of
normal distribution and, if necessary, in converting
this distribution to normal. Preliminary processing of
measurement results is made in accordance with the
requirements. [23 — 29].

As a result of measurement at each «point», the
arithmetic average of several measurements made here
has been used. The number of these measurements de-
pends on the accepted values of the confidence inter-
val and the confidence probability that the true value
of the measured value does not go beyond this inter-
val. In other words, the number of experience repeti-
tions is determined by the magnitude of the maximum
error, with which the arithmetic mean of the meas-
urements to correspond to the true value of the meas-
ured quantity, and the probability that the current error
does not exceed the specified maximum value.
Increasing the number of measurements at each
«point» even with their accuracy unchanged, the reli-
ability of confidence estimates can be increased or the
confidence interval for the true value of the measured
value can be narrowed. However, it leads to an in-
crease in the complexity of the experiment. Therefore,
the number of experience replication in research in the
field of technology is not recommended [26] to take
N> 8, and the use of statistical data processing meth-
ods loses meaning [23], if N < 4.

The choice of the number of measurements from the
specified range is made by calculation [25, 26, 29], for
which purpose in the center of the assumed extreme
area at the selected point, four measurements of the
filling time of the measuring capacity are taken and
the corresponding values of the volumetric efficiency
are calculated. As a result of the experiment, four val-
ues of volumetric efficiency 7., are got: 73.5, 74.5,
76.0, 74.0 %.

Calculate the arithmetic mean value 7, %, re-
ceived sample

Mo = (73,5+74,5+76,0+74,0) / 4 = 74,5 ®)

Corrected variance Suc2 this empirical distribution is
determined [26] by formula

N=4 2
. 2(770, _770(p)
SMC = =l =
V-l 2 ©
1 [(73.5-74.5) +(74.5-74.5) + 17
~1 | +(76-74.5) +(74-745) o

where 77); — the current value of the volumetric effi-
ciency of the resulting series.
Selective standard deviation S, is [26]

S, =+S2 =117 =1.1.

The value obtained is an unbiased estimate for the
standard deviation o theoretical distribution

(10)

Evaluation Sm-(%(, ), %, the standard deviation of

the random component of the calculated average value
error 7,  is calculated by formula

S, 11

S.c(m, ) 7S (11)

In normal studies in the technique for finding the
dependencies of the influence of various factors, the
confidence probability of 0.9 is sufficient [29]. Based
on its value, according to [29], the compromise be-
tween the value of the permissible absolute error of
the experiment is chosen, which is given in the table
in fractions of the standard deviation of the theoretical
distribution o, and the number of replications of ex-
perience. The permissible error equal to 1.0-0,
achieved when performing 5 measurements (N =5) is
appropriate.

In this case, the confidence limits &(P), random in-
accuracy of the measurement result at a confidence

level P=09 u N =5 specify [23] according to the
formula

&(P)=1(P,N)-S,.(m, ) (12)
where ¢(P,N) — Student’s coefficient [14].
£(P=09)=2.132-0.55=1.17 . (13)

For distinguishing the sum A(P) , %, systematic and
random components of the measurement result inaccu-
racy, it can be estimated the ratio

o) _14 _y5.

s, (,7% ) 055

As 0.8<2.54<38, inaccuracy confidence limit result
is determined [14] by formula

(14)

A(P)=K(y)-[®(P)+&(P)], (15)
where
o(P) 1.4
7:\/§-k-sm(n%):J5~0.95~o.55:1'5’ (16)
K(y)= :;2 _T_o.n. (17)
Then
A(P=09)=0.72-(1.4+1.17)=19 . (18)
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Thus, performing five measurements of the time of
filling the measuring capacity with a solution on each
of the «points» under study, guarantees with 90 %
probability that the absolute error in determining the
volumetric efficiency based on the arithmetic average
of these measurements will not exceed 1.9 %.

If, when performing measurements at the «point», a
measurement result is obtained that differs sharply
from all others, a suspicion arises that a gross error
has been made. In this case, it is immediately verified
that the basic measurement conditions are not vio-
lated. If such a check was not done on time or it was
unsuccessful, then the question of one «pop-up» value
rejection expediency is solved by comparing it with
the rest of the measurement results.

For the number of the experiment repetitions from 3
to 5, the following method for screening gross errors
is recommended [26]. The arithmetic average and cor-
rected variance of the obtained data has been calcu-
lated and the maximum relative deviation z suspi-
cious metering has been determined

‘770, —T,
=—<7
T <7,

uc

(19)

where 7, — «pop-up» value of volumetric efficiency.

Gained value r compare with the tabular quintile
distribution for the maximum relative deviation ,_,,

taken from the table in [26] with a confidence level of
95 % (which corresponds to the level of significance
p=0.05). In this case, with five measure-
ments 7, , =1.87 if the value obtained does not exceed

the table value, then this measurement is not screened
out. In case of the measurement exclusion, the charac-
teristics of the empirical distribution should be recal-
culated according to the data of the reduced sample,
after which the screening procedure is repeated for the
next maximum absolute deviation of the measurement
in absolute value. If, as a result of screening, the sam-

ple remains less than four values, it must be supple-
mented with additional measurements (in our case up
to five values) and repeat the procedure.

To test the hypothesis of the normal distribution val-
ues the volumetric efficiency obtained at the «pointy,
it is recommended [26] to calculate the mean absolute
deviation using the formula

_ 2‘770, _77%‘
==

C40 (20)
If the series of values obtained has an approximately
normal distribution law, the expression should be true:

C19 07979

Suc

0.4

<ﬁ.

The issue of eliminating gross inaccuracy and testing
the hypothesis of the normal distribution results ob-
tained was solved on a PC using the MathCAD soft-
ware product. There were no deviations from the nor-
mal distribution.

e2))

Conclusions

The method of experimental research of a vertical
differential solenoid pump with flowing piston of
mark PH 2-4, developed at Poltava National Technical
Yuri Kondratyuk University, is proposed. The compli-
ance of this method with the purpose of increasing the
efficiency research grout pump is substantiated. The
equipment necessary for conducting experimental re-
search is selected. It is verified inaccuracy in conduct-
ing research. This technique enables to find the ra-
tional values of the following parameters of the solu-
tion pump when working with plaster solutions of dif-
ferent displacement: working body frequency move-
ment, diameter, mass and height of lifting over the
valve, the diameter of the hole in the valve sockets.
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Recently, electric vehicles are becoming widespread throughout the world, so the research is relevant. The results of per-
formed researches of dynamics electric car on the basis of ZAZ-1102 are presented. The calculation method of dynamic loads
in electric and mechanical systems of electric cars is developed. The technique considers the electromagnetic processes in the
engine, the elasticity of the elastic parts, the oscillatory processes, and damping in the elastic links. On the basis of the devel-
oped mathematical model and using the mathematical software apparatus MathCAD, calculations of transients in the electric
and mechanical systems have been obtained, based on the obtained results of the research, the constructed graphs.
The obtained results of the study of the electric motor drive mechanism can be used for designing, calculating and determin-
ing the dynamic loads of electric cars and their hybrids.
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JlocaigxeHHs IUHAMIKH eJIEeKTPOMOOLIs
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OcraHHIM 9acoM eleKTpoMoOiii HaOyBaroTh HOIIMPEHHS B YChOMY CBIiTi, TOMY HPOBEIEHI NOCII/UKEHHS € aKTyaJbHUMHU.
HaBezneHo pe3ynbTaTi BUKOHaHUX JOCITIDKEHB IMHAMIKH elekTpoMoOinst Ha 6a3i 3A3-1102. 3anpornonoBaHa MeTOIMKA PO3-
paxyHKy JUHaMIYHUX HaBaHTaXEHb B EJIEKTPHUYHIH Ta MeXaHiUHIH cucremax eyekTpomoOunss Ha 06a3i 3A3-1102.
VYV MerouIli BpaxoBaHO €JIEKTPOMArHiTHI MPOLECH y IBHUTYHI, MOJATIMBICT MPYKHUX JTaHOK, KOJUBAIBHI MPOLECH, AEMII-
¢dyBaHHS y TMPYXHHX JaHKax. Po3po0ieHO HOBY MaTeMaTHYHy MOJENb MU JOCHIIKCHHS TUHAMIKH EJIEeKTPOMOOLNS.
Po3paxyHKOBY cxeMy eeKTpOMOOLIS 3 MPUBOJIOM HABEAEHO Y BUIJIAAI JBOMACOBOI NMPY)KHOI CHUCTEMH 0e3 ypaxyBaHHS I10-
JATIMBOCTI HEPYXOMOI HaCTHHH €JIEKTPOMOOLII, BBaXalOUH, 1[0 BOHA Ma€ BENUKY XOpCTKicTh. [IpuBix enexrpomolbinsg 3a-
0e3meuyeThCs 3a JOIOMOTOI0 OTHOTO eNEeKTPoABUryHa. [Ipy po3risai [MHAMIYHMX HABAaHTAXEHB, SIKI BAHUKAIOTh Y MEXaHi3-
Mi IIpHBOJIa €IEKTPOMOOIIS M 9ac HOoro IMycKy, sIK OCHOBHHUH KPHUTEPi yMOB HABAHTAXKEHHS CHCTEMH HPHHHATO IIOBOPOT
BEIy4Oro KoJjieca 3 MAaKCHMaJIbHUM HOTO HaBaHTA)KEHHSIM, TOMY IMPUBEECHHS BCIX Mac IMPUBOJA, XKOPCTKOCTEH NPYKHUX JIa-
HOK, a TaK0X CHJI 3/1iliCHeHO 70 oci 00epTaHHs Beaydoro koyeca. EnemeHTn 00epTOBNX YaCTHH NMPUBOAA, BeAydi (PUBIIHI)
KoJieca SIKI MAlOTh 3HA4YHI KOPCTKOCTI IIPH HEBEIUKHUX PO3Mipax IO JOBXKHHI, IPUHHATO SK JIAHKH 13 30CepeIKEHIMH Maca-
MH. 32 JIOTIOMOTOI0 PO3p00JIeHO] MaTeMaTW4HOi MOJENi 3 BHKOPHUCTAHHSAM MaT€MaTHYHOTO MPOTrpPaMHOro 3abe3neyeHHs
MathCAD pocrnikeHo AMHAMIKY MYCKY MPUBO/IA SICKTPOMOOLIS Ta OTPUMAHO CHITH, MOMEHTH, IPHCKOPEHHS, 110 BUHHKA-
I0Th y MPYXHUX JIAHKaX €IeKTPOMEXaHIYHOI JMHAMIYHOI CHCTEMH. 3a JOTIOMOT0I0 po3pobIeHoi MaTeMaTHYHOI MOJeINi po3-
paxoBaHO Mepexi/iHi MpoLecH B eNEeKTPHYHIN Ta MeXaHiYHil cHcTeMax, Mo0yaoBaHO rpadiky 3aJe}HOCTeH KyTOBUX Mepe-
MIIIIeHb, IIBUKOCTEH 1 IPUCKOPEHb Mac, 3MIHM MOMEHTY €JICKTPO/IBUTYHA ITPUBOJA €IEKTPOMOOLIS BiJ] Hacy, ki HaBeIeHO
B I1i}l HayKOBiH po6oTi. OTpHUMaHi pe3ynbTaTH JOCIIHKEHb MOXKe OYTH BHKOPHCTAHO IPH HPOEKTYBAaHHI, pO3PAaXyHKaX Ta BH-
3HAUEHHI JUHAMIYHUX HaBaHTAaXXEHb y IPUBOJAX EJIEKTPOMOOLIIB.

Knrouosi ciioBa: MaTeMaTHYHa MOJIETIb, €IEKTPOMOOLIb, IPHUBiJ, MEXaHIUHA i €IEKTPHYHA CUCTEMH, TUHAMI4H1
HaBaHTAKEHHS, TOIATINBICTh, €IEKTPOMEXaHI4Hi POLIECH, KOJIUBAIbHI SBUIIA.
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Introduction

The market for electric cars in the world is gaining
momentum. Today, it can be state with confidence,
that the future is precisely in the electrified cars.
Countries with advanced high-tech industries are
interested in environmentally friendly transport and
stimulate its development. Large manufacturers of
cars and technology companies in China, Sweden,
France, the United States, Germany, etc., are planning
to expand and improve their products based on state
support. Thus, the prospects in the near future of
electric cars become wider and more realistic.

If compare an electric car with an ordinary car,
where the internal combustion engine is used, it is
characterized by a simpler scheme, the minimum
number of moving elements. Therefore, the electric
car is a more reliable design. The main components of
an electric car are as follows: electric motor;
rechargeable batteries; simplified transmission;
inverter charger on board; electronic control system
for structural elements; transformer. Therefore, the
electric car components study, including its drive, is
relevant.

Review of research sources and publications

Such scientists as Bakhmutov S.V., Karunin A.L.,
Krutashov A.V., Kapustin A.A., Rakova V.A,,
Umyashkin V.A., Filkin N.M., Muzafarov R.S.,
Bazhynov O.V., Smyrnov O.P., Syerikov S.A.,
Hnatov A.V., Kolyesnikov A.V. and so on devoted
their work to the research and analysis of electro and
hybrid cars, including their drives to determine the
frequency of oscillations. In these works, electric and
hybrid cars were described by various calculation
schemes and their dynamical systems were considered
as one and two mass oscillatory systems that enabled
to determine the frequency of oscillations [1 — 4].
The work of foreign scientists Collatc L. [5] and
Tondl A.[6], Kluchev V.I., Jagadish H.P., Kodad S.F.
[8], Kaplan D. [9] are also devoted to the mechanical
systems oscillations frequency determination.

When designing an electric car, the question arises
about the evaluation of its run by selecting the design
parameters of the traction drive, which includes the
parameters of the electric motor, transmission and
power supplies [10 — 17].

The developed methods of choosing the design pa-
rameters of a traction drive of an electric car to
achieve a predetermined mileage are based on well-
studied characteristics of batteries (lead-acid, nickel-
cadmium and others). Manufacturers of modern trac-
tion batteries (nickel-metal hydride, lithium-ion, etc.)
at the request of the batteries capacity and other char-
acteristics indicate different conditions of temperature,
time and discharge current, which impedes their com-
parative analysis and leads to ambiguous evaluation of
charge-discharge characteristics, which is significantly
affected run on electric.

In addition, the previously developed techniques use
the simplification of the motion equation of an electric
car at constant speed or in cycles that do not corre-
spond to the real conditions of motion.

Therefore, improvement of the calculation methods
and choice of structural parameters of an electric car,
considering the process of discharging modern trac-
tion batteries and a full-scale model of car movement
in modern urban conditions, is an actual direction of
development of electric car performance characteris-
tics improving during its design.

Definition of unsolved aspects of the problem

An electric car drive can be considered as a
oscillational system, in which during the start-up and
braking periods there are significant dynamic loads.
The requirements for the calculation accuracy of such
oscillatory systems need to consider both the
individual oscillations of the individual elements and
the system as a whole due to the fact that as a result of
the own and forced oscillations frequencies coinci-
dence there may be resonance phenomena that cause
significant dynamic loads and, as consequence, reduce
the durability of structures.

At this time, when calculating electric cars for static
and tired strength, their own design oscillations are
not considered. However, the carrying capacity of
electric car designs can be increased if their design in
the calculations considers their oscillations amplitude-
frequency characteristics.

Thus, the frequencies and electric car forms designs
elements proper oscillations determination enables to
compare these frequencies with forced frequencies, as
well as to obtain data on the loading of the dynamic
system, and thus to ensure the normal operation of car
all oscillation parts in modes that are far removed
from the resonance.

When designing forming posts and the choice of
technological equipment for consolidating the
concrete mixtures in the manufacture of reinforced
concrete products, the technological capabilities
assessment of all varieties of vibration tables with
spatial oscillations of the moving frame is required.

Problem statement

The purpose of the article is to highlight the results
of the mathematical modeling of oscillatory processes
in the electric vehicle drive using mathematical soft-
ware MathCAD and to determine the dynamic loads
on its elements during transient processes in the elec-
tric vehicle drive.

Basic material and results

Considering the foregoing, the research of dynamic
loads of electric vehicles on the basis of ZAZ-1102 car
is conducted at the Department of Building Machines
and Equipment Poltava National Technical University
Yuri Kondratyuk. The transition processes taking
place in the operation of the driving mechanisms of
electric cars, largely determine the dynamic load in the
elements of the systems are considered. The dynamics
of the electric car starting and stopping mechanism
processes are significantly influenced by the inertial
and rigid parameters of the elements. Start and stop of
the electric drive is performed at full load.
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When considering the dynamic phenomena that arise
during the startup of the electric car drive, in the main
case of the system load conditions take the turn of the
drive wheel with its maximum load. The calculation
scheme of the electric motor drive mechanism
loadduring the startup of the car driving mechanism is
shown in Figure 1.

Jr

Me (\

Y

( M(t)

Yp

Figure 1 — calculation scheme of the electric
motor drive mechanism loading during the
startup of the car driving mechanism:
Jp — the electric motor rotor inertia moment, reduced to
the axis of drive wheel rotation, considering the masses
of rotating mechanisms;
Jx — total moment of inertia of rotating masses relative
to the driving wheel rotation axis;
Yp, Yix — coordinates of the concentrated masses (angles
of reference) motion;
Sy, — stiffness of the drive elements are brought

Bringing all the masses of the drive, the stiffness of the
elastic parts, and also the forces, the driving wheel rotation
axis are made.

The equation of motion is:

JpYp" + Cu(Yp—Yi) +Jg (Yp'" = Y') =vM(1); (1)
JYK" = Cu(Yp—Yi) = Ik (Yo" = Y¢') = -vM,.,  (2)

where M(t) — the moment of an electric motor, which
is expressed by differential dependence [7]

M(t) = Agu + A,M' (1) + vAuYp(t) 3)

Ay, A1, A, — constant electric motor, defined by the
expressions:

A():ZMK/SK, A1: 1/(,0()SK, A2:2MK/(D()SK (4)

My — critical moment of the engine;
M,.— moment that creates the total resistance of the
electric motor and is brought to the the driving wheel
rotation axis
Sk — critical slider of the rotor;
@, — synchronous angular speed of the engine;
v — coefficient characterizing oscillation attenuation;
u — gear ratio of the drive mechanism;
¢t — time.

For the convenience of solving the equations (1) and
(2) system, using the MathCAD software, it is de-
noted:

Yp=2z(1); Yx=q();
Yo =dw); Yy =n(); )
Z()=d();q'(t) =n'(1)

Then it is got

a0 =—i—fz<r>—72d(t>+i—fq(t>+
+%n(t)+J—lpM(t);

") :%Z(mid“)‘%q@‘ (©)
—in(t)—iM,,,;

iy At oL A
M'(t) = ) z(t)+AlM(t) ™=

Initial conditions are presented in the form
7©0=0; Yro=0; Ypo=0; Mo=0 (7)

Generalized technical characteristics of the electric
motor and estimated parameters electric driven of the
electric vehicles on the basis of ZAZ-1102 car are pre-
sented in the table 1.

Table 1 — Generalized technical characteristics of
the electric motor and electric driven of the electric
vehicles on the basis of ZAZ-1102 car

Parameter Values of pa-
rameters
Siemens IP
V5135-4WS14
Power of the electric motor, kBt 30
Frequency of the electric motor ro- 3000
tation, r/min
Angle speed rotor of the electric
motor, rad / s
Constant Ay
electric motor’s A,

Type of electric motor

314.2

39470
03183
A, 502.5

Moment of the electric motor rotor 0.475
inertia Jp N-m

Total moment of rotating masses 0.082
inertia relative to the driving wheel
rotation axis Jx, kg'm?

Moment that creates the total
resistance of the electric motor and
is brought to driving wheel rotation
axis M, N-m

Gear ratio of the drive 3.5
mechanism u

274.8

Stiffness of the drive elements are 15150

brought Sy, N-m/rad

Coefficient characterizing oscilla- 823150

tion attenuation v, m™!

Substituting generalized technical characteristics of
the electric motor and estimated parameters electric
driven of the electric car (Table 1) it is got
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Z'() = d(v);
d'(1) = 0.098M(1) — 1488z(1) — 80860d(t) +

+ 14884(1) + 80860n(1) ; (8)
q'() = n();

n'(1) = 184800z(2) + 10038000d(z) — 184800¢(1) —
—10038000n() — 3351 ;
M (1) = —1670M(1) — 20160d(t) + 453600.

As a result of the equations solution (8), the electric
motor moment values are obtained, the angular
displacement and speed of its rotor and the rotating
masses of the drive and their angular accelerations for
a given time t (Figures 2 — 7).

Mt Nm
éf’f‘,!ma’ S : T
M
=7 ] \ 2&9
! zil
2| j | \ -
) I I
g a5 / s Z2Is

Figure 2 — The change dependences graphs
of the angular displacement of the masses brought
to the drive wheel rotation axis Y» = z(?) and
the momentary change of the electric car motor
drive of the car M(?) as functions of time ¢
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Figure 3 — The dependences graphs of the angular
displacement change of the masses brought
to the rotation axis of the drive wheel ¥p =z() and

the angular velocity change of the car electric
motor drive Y.’ =z'(z) = D(t) as functions of time ¢
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Figure 4 — Changing the angular displacement
of the masses brought to the axis of rotation
of the driven wheel Q(?) = Y, and their angular
velocity L(1) = Q'(¢) = Y,' as functions of time #
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Figure 5 — Graphs of the change dependences of
the angular displacement Z(z) = Y,, angular
velocity D(®) = Z'(t) = Y,' and the moment
of the car electric motor drive M(?)
as functions of time ¢

To determine the accelerations in the system of dif-
ferential equations (8) two equations of acceleration
K(t) of mass Z(t) = Y, and W(t) of mass Q(t) = Y, are
added

K(1) =2.105M(1) — 31899z(1) + 31899¢(1) ; )
W(t) = 184780z(1) — 184780q(1) — 3351.

By solving the problem with the software program
MathCAD, the system of equations (8) with the added
equations (9), the values of accelerations change of the
electric motor of the car electric motor drive D(?) from
time ¢ are obtained.

As a result of the equations solutions(8 — 9), the val-
ues of acceleration of the rotor of the electric motor
K(t) (Figure 6) and the rotating masses of the drive
W(t) (Figure 7) are obtained.
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According to the calculations, the built-up graph of
the moment of an electric motor in the function of
time (Figure 2) shows that the acceleration of the
electric motor drive lasts about 0,8 seconds from the
beginning of its motion. The maximum value of
moment reaches at ¢ = 0,4 s from the beginning of
motion.
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Figure 6 — Graphs of the dependences of
the change of the angular acceleration of
the electric motor K(?) rotor and
the electric motor drive mechanism
moment M(z) as functions of time ¢
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Figure 7 — Graphs of the dependences of
the change of the rotating masses W(?) and
the moment of the electric motor of
the electric motor drive mechanism M(?)
as functions of time ¢

Conclusions

1. The use of numerical methods for the integration
of complex differential equations enables to use the
proposed method for calculating dynamic loads in
electric and mechanical systems of electric vehicles
and their hybrids. In this case, the angular oscilational
motion of the rotor of the electric motor becomes
stable. Numerical calculations for researches of dy-
namics electric car on the basis of ZAZ-1102 have
shown that considering the coefficient of oscillation
attenuation v almost does not affect the results of cal-
culations.

2. The constructed graphs (Figures 2 — 7) of the
dependencies of angular displacements, speeds and
accelerations, the moment on the shaft of the electric
motor rotor as functions of time indicate that since the
car starting in its electric drive there are dynamic loads
that are oscillatory in nature. By changing the moment
of the electric motor and accelerating it is possible to
determine the nature of the motion: constant (static) or
oscillating (dynamic).

3. Graphs (Figure 2) of the dependences of the
change of the masses angular displacement brought to
the axis of rotation of the drive wheel Yp=z(t) and the
momentary change of the electric motor of the electric
motor drive of the car M(t) as functions of time t in
0,4 s show that after the car start, the moment of the
electric motor driving the electric vehicle takes the
maximum value, and after 0,8 s the angular vibrational
motion of the electric motor rotor becomes steady.

4. Graphs (Figure 5) of the change dependences of
the angular displacement Z(t) = Yr, angular velocity
D(t) = Z'(t) = Yr' and the moment of the electric motor
of the car electric motor drive M(t) as functions of
time t show that after 0.8 — 1.0 seconds the moment of
the electric motor M(t) of the electric motor drive
becomes equal to the static and the motion becomes
even in character.

5. The study obtained results of the electric car drive
mechanism, using the mathematical software envi-
ronment MathCAD, can be used for designing, calcu-
lating and determining the dynamic loads of electric
cars and their hybrids.
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The new rolling roof fairing installed in the tractor non-bonnet cab main train layout constructing are given. After analyzing
existing exhausting elements installed on the tractor highway trailer and a large number of roof rails, it has been substantiated
the expediency of installing a movable rope on the tractor roof, which can change the angle of the trailer airflow link with the
combination of two movements - vertical and horizontal. The combination of these movements enables to change the pa-
rameters of streamline. For this purpose, the basic hydraulic control scheme is designed, which has a number of advantages:
the starting units movements smoothness, the ability to continuously adjust the speed in a wide range, low inertia, simplicity
of management and automation, high operational reliability and resistance to overload. Due to the modern capabilities and
development of sophisticated electronic control systems through the introduction of such a system in the control process of
hydraulic cylinders can ensure the system reliability, efficiency, ergonomics and safety equipment.

Keywords: main motorway, streamlined, roof fairings, hydraulic control scheme.

Mope/ir0BaHHA HIBHIKOCTI PyXy NOBITPs1 HABKOJIO MAricTPajabHOI0
aBTOIIOI3/12 i3 YCTAHOBJIEHUM PYXOMHM JAaX0OBUM O0TiYHUKOM

Hecrepenko M.IL.!, Ckopuk M.O.>*, Illanosa;n M.B.}, Hecrepenko M.M.*

1,2,3,4 o . o . o . . . .
[MonraBchkuii HalllOHAIBHUE TeXHIYHMN yHIBepcuTeT iMeHi FOpis Konnpatioka
*Anpeca st mucryBanHsa E-mail: maxym.skoryk@gmail.com

HapeneHno pe3ynpTaTé KOHCTPYIOBaHHS HOBOT'O PyXOMOT'O JJaXOBOTO OOTIYHUKA, SIKUM YCTaHOBIIOETHCS Ha KaOiHi Oe3KaroT-
HOTO KOMIIOHYBaHHs TAraya MarictpajibHoro aBtomoizfa. Ilicnms aHamisy icHyrounx OOTIUHHX €JIEMEHTIB, sIKi BCTAHOBIIO-
IOThCS Ha TATa4d MariCTpaJibHOTO aBTOIOi3/1a, Ta BEIMKOI KUIBKOCTI caMe JaXOBHUX OOTIYHHUKIB Oysl0 OOIPYHTOBAaHO AOLIJIb-
HICTb YCTAaHOBJIEHHS PYXOMOTO OOTIYHMKA Ha Jaxy TAraya, KOTpUil MO)ke 3MiHIOBATH KyT OOTiKaHHS MOBITPSIM MPUYIMHOL
JIAHKH 3a JOIOMOT0I0 KOMOiHamii IBOX PyXiB — BEPTHKAIBHOTO i TOPU30HTANBHOTO. [lo€qHAHHS IIUX PYXiB HAZACTh MOXIIH-
BICTH HAOUIBII IIPOCTO 3MIHIOBATH MapaMeTpH OOTIYHOCTI. [y IIOTO CIIPOEKTOBAHO IPHHIMIIOBY TifPaBIiYHYy CXEMy Ke-
pyBaHHS OOTIYHUKOM, SIKa Ma€ Psijt IepeBar: INIaBHICTh PyXiB BUXIJHUX JIAHOK, MOJKJIUBICTh O€3CTYIIHYACTOTO PEeTYTIOBaHH
IIBAAKOCTI y IIMPOKOMY Hiala3oHi, Maja iHepIiiHICTh, IPOCTOTAa KePYBAHHS H aBTOMATH3aIlil, BUCOKAa eKCILTyaTalliifHa Ha-
JIMHICTB Ta CTIMKICT 1O NepeBaHTaKeHb. 3aBISKN CYJaCHUM MOXIIMBOCTSIM 1 PO3BHUTKY CKJIAJHHX EJIEKTPOHHUX CHCTEM Ke-
PYBaHHS LUISXOM YNPOBAKEHHS TaKOi CHCTEMH y MpoIeci KepyBaHHS TiIPOLMIIHAPAMH MOXKHA 3a0e3MEeYUTH HaIiiHICTD
pOOOTH CHCTEMH, €KOHOMIUHICTh, €prOHOMIUHICTE Ta TeXHIKy Oe3neku. Taky TipaBiidHy CXeMy MOXIIHBO >KUBUTHU SIK Bif
JIBUT'YHA, TaK 1 Bil Mepexi UBJIEHHS aBTOMOO111. KepyBaHHS MOXKHA BUKOHYBAaTH aBTOMaTUYHO, IUISIXOM yCTaHOBJICHHS Ti-
JPOPO3MOAUTBHUKA Ta PEryJIbOBAHOTO APOCENst A0 KaOiHM TPAHCIOPTHOTO 3aco0y 1 MOETHAHHS LUX KOMIIOHEHTIB Yy €AWHHUH
6nok ympaBnmiHasA. [loOynoBana y3aragbHEHa TPUBHMIpHA MOJENb Tsrada, a TaKOX BHKOHAHO rpadidHe MOJIETIOBaHHS
IIBAAKOCTI PyXy IOBITPS HaBKOJIO MariCTpaJbHOTO aBTOIOI3/1a PI3HOTO KOMIIOHYBAHHS 13 BCTAHOBJIEHHM JaXOBUM OOTIUHH-
KoM Ta 6e3 Hporo 3a rornomororo Microsoft Excel ta ¢ynkuii Flow Simulation Bix SolidWorks.

KirouoBi ciioBa: MarictpanbHUi aBTOMOI31, OOTIUHICTD, 1aX0BUH OOTIYHHUK, TiApaBiIiuHa cXeMa KepyBaHHS.
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Introduction

The main trains are the main goods chain component
transportation from the manufacturer to the final re-
cipient because of their mobility and load capacity, as
well as the branching of highways. It is not always
possible for car dealers to buy a new tractor. The mar-
ket of second-hand trucks in our country is develop-
ing; the old Soviet and post-Soviet trucks are being
replaced at European level by large enterprises. For a
potential buyer there is a number of estimated indica-
tors — technical, functional, operational, and the opti-
mal option is selected. One of the main performance
indicators is fuel efficiency.

Since the main production feature of the main train
is the speed of delivery to the destination, then the av-
erage technological speed at the same time is quite
significant. It is proved that a significant part of the
fuel consumed by a vehicle at high speed is needed to
overcome the air resistance. Therefore, the decrease of
the dynamic resistance of the motor-vehicle move-
ment is the main factor affecting the final reduction of
the cost of cost delivery that is the shortest way to ob-
tain additional profits [1 — 3].

Review of research sources and publications

A large number of authors investigated various
complex bodies flow processes, which include the
main motorway [1 — 5].

The nature and level of traffic main train jams is de-
termined by the shape, structural features and parame-
ters of the air environment. The rectangular shape of
the transverse and longitudinal section of the modern
highway trains, in combination with flat walls, pro-
vides the most useful space for placing the cargo in
them, but it is unsatisfactory from the aerodynamics
view point. At the same time, in the case of on-board
trucks, the main component of their frontal projection
is the cab frontal area, then in the main road trains
with high bodies, approximately the same size area
above the cabin of the body front wall is added [4].

Analyzing the linear series of highway trains, it was
determined that for them it is typical the presence of a
body significant excess over the cabin, a large gap be-
tween them, as well as uncircumcised or rounded
cabin and body frontal edge small radius [5]. All of
these factors greatly reduce streamlinedness.

The author [4] considered in detail the complex
main train flow mechanism with different layout
schemes by counter and lateral wind. It has been
proven that it has a negative impact on performance,
namely aerodynamic stability, exchange rate stability,
handling.

Definition of unsolved aspects of the problem

The authors [6 — 9], in theoretical studies and trains
aerodynamic properties graphical modeling, simply
install separate rails in different places, both the trac-
tor cab and the trailer link. It is permissible at the
stage of designing new technology, although there are
enough domestic and foreign cars used on roads, for
which it doesl not solve the issue.

Among the large number of existing inventions,
fender, located on the roof is the most commonly
used; the side parts of the tractor remain the most ef-
fective. Its effectiveness is scientifically proven, but
the application of one and the same ramp to different
semitrailers, trailers, tanks causes a violation of the
tractor aerodynamics. Such use is inappropriate and
ineffective. In [9], the expediency of installing a very
moving roof ramp, which enables to tune in to any
link of the train.

Problem statement

The purpose of the article is to develop a basic
scheme and design of the roof ramp, a hydraulic sys-
tem for changing the roof ramp parameters with the
adjusting possibility for any trailer structure, as well
as possible options for connecting and adjusting its pa-
rameters, based on the previous studies results [8 — 9],
as well as different layouts air movement speed
graphical modeling around the main train with the in-
stalled roof rails.

Basic material and results

The overall height of the sidecar is determined by
the trailer height couplings. The main resistance in
them is created by air, which flows through the cabin
and runs into the front wall of the semitrailer. In addi-
tion, in the intervals between the links of the automo-
bile train powerful vortices are formed, which seem to
increase the frontal area. Therefore, in various ways to
reduce the aerodynamic resistance, various designs of
the rails [6] are used which reduce the air resistance.

al

Figure 1 — Ways to improve the vibrancy
of the trains by installing the roof rails

The flywheel is a necessary tool that enables to use
the power of the truck most efficiently, as well as to
save time and money.

Advantages of installing a strap on the roof of a
truck for any trailer:

— helps to reduce the aerodynamic resistance of the
oncoming airflow, and also increases the safety of
traffic due to the road trains greater stability;

—provides high overstream rates due to the appro-
priate geometric parameters choosing possibility;

—provides ease of use and the ability to adjust the
cushion when driving a car;

—enables to mount on any tractor and reinstall on
other tractors without losing its technical characteris-
tics and without changing overall dimensions;

— enables to achieve substantial fuel economy;
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—enables to move faster without the cost of addi-
tional power providing superiority over competitors;

—reduces the load on the engine and reduces noise
in the cabin resulting from the flow of air masses;

—improves aerodynamics and increases the car
course stability and protects the semi-trailer body
from wear, extending its service life;

— improves the truck outward.

The general view of the movable roof rails is shown
in Figure 2.
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Figure 2 — General view
of the proposed roof railing

In [11] for the purpose of determining and construct-
ing a mathematical model, several tractors were proc-
essed and their average parameters are presented in
Table 1.

Table 1 — The average parameters tractors

:&? N
z g

G =
S % = o =1 % g‘&
= 8 = = = = 53
22 | ge|2g| Fe| 2z |8E2
TS | JE|2E|ZE |82 |E 8
Average | 6200 2500 | 3500 300 19-21
Low 6200 2500 | 2900 300 20-22

For these tractors, the coefficient change of frontal
op pv depending on the form and the site of the roof
fairing has been investigated, which is presented in
Table 2.

Table 2 — Drag coefficient changes
on the parameters of the car and radome

No | Height Fairings | Location Drag
cab coefficient
G
1 | Average | None - 1.08
Straight Behind | 0.77
Improved 0.52
2 | Low Absent - 1.09
Normal Behind | 0.85
Improved 0.57
Improved | Ahead | 0.87

The research results have been used when calculat-
ing the changes in the amount of fuel consumed by the

flow of traffic. The relative savings of a tractor with a
low cabin and an improved ramp make up 16.3% of
the tractor without an outboard and 10.9% of the fitted
with a conventional cushion. For an average cab with
an improved ramp, the figures are 13.4% and 7.1% re-
spectively [11]. These calculations point to the expe-
diency of its use.

Of all the existing systems, it has been decided to
choose a hydraulic control system because it provides:

— the movements smoothness of the output units;

— the possibility of stepless speed control in a wide
range;

— small inertia;

— ease of management and automation;

— high operational reliability and resistance to over-
load.

The hydraulic scheme of the proposed control sys-
tem is presented in Figure 3.

Figure 3 — Hydraulic system for changing
the parameters of the roof rails
for any trailer structure:
1 — hydraulic cylinder; 2 — hydraulic distributor;
3 — servo-choke; 4 — safety valve;
5 — hydraulic pump; 6 — oil tank;
7 — filter; 8 — check valve

The principle of this control system operation is that
the liquid is absorbed from the oil tank by means of an
unregulated pump with constant flow direction and
fed to a hydraulic distributor with electromagnetic
control. In the spool neutral position of the hydraulic
distributor, when the pump is running, the pressure on
the pipeline between the pump and the distributor be-
gins to increase, with the safety valve triggered and
the liquid is merged into the tank. When changing the
position of the spool, open passage sections in the dis-
tributor and the liquid begin to enter the piston cavity
of the hydraulic cylinder. From the rod cavity of the
hydraulic cylinders, the fluid through the drainage line
passes through a hydraulic distributor, regulated
chokes with a servo drive and cleaned by a filter, fall
into the drains in the tank.

The hydraulic cylinders rods translational velocity
movement is controlled by the chokes. Reversal of the
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rods is carried out by switching the positions of the
hydraulic distributor. In emergency stops (for exam-
ple, an insurmountable effort), the pressure in the sys-
tem increases, thereby causing the opening of the
safety valve and the discharge of the working fluid
into the tank.

Due to modern capabilities and the development of
complex electronic control systems, the implementa-
tion of such a system in the process of managing the
hydraulic cylinders can ensure the reliability of the
system (long inter-repair period, control and shutdown
during excessive pressure on the system, interconnec-
tion with the onboard computer, etc. ), profitability
(ensuring the operation of the equipment within the
limits of rational parameters and operating modes),
ergonomics (ease of use) and safety techniques (pre-
vention of the occurrence of many types of injury dur-
ing system operation).

Hydraoulic cylinders 1 Hydraulic cylinders 3
and 2 posifion sensor ond & position sensor

Control block

Power
Supply

Figure 4 — Structural diagram of the hydraulic
system for changing the parameters of
the roof rails under any trailing structure

Such a hydraulic circuit can be fed, both from the
engine and from the car power supply. Due to modern
control electronics, it is possible to change the ramp
position without leaving the tractor, by installing a
hydraulic distributor and an adjustable throttle to the
vehicle cab, and combining these components into a
single control unit. Also, when connecting the control
unit to the on-board computer, the system itself can set
optimal parameters for the conditions, than reduce the
human impact on the system and prevent the equip-
ment from failing during strong wind gusts. Hydraulic
cylinders sensors show a change in the stem departure
and provide precise control of the change in the strap-
ping element overall dimensions.

Main train car air speed graphic modeling around
the different layouts with the installed roof rails.

The imaginary autotrain has been divided into the air
flow zone with its flow in the projection of the road
and the air velocity in these zones has been deter-
mined (Fig. 5).
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Figure 5 — Schematic representation of air flow
zones when traversing the trains

With Microsoft Excel, the air flow around the main
trains of different layouts has been simulated at
40, 60 and 90 km/h.
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Figure 6 — Figure velocity of the air around
the main road train low cab without a radome
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Figure 7 — Figure velocity of the air around
the main road train with a low cabin
and improved fairing front
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Figure 8 — Figure velocity of the air around
the main road trains with low cab
with improved fairing behind
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Figure 9 — Chart air velocity around
the main road trains with low cabin
with conventional fairing
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Figure 10 — Chart air velocity in Circle
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Figure 11 — Chart air velocity around
the main road trains with an average cabin
with conventional fairing
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Figure 12 — Chart air velocity around
the main road trains with an average cabin
with improved fairing

Figure 6 — 12 shows a high-speed flow air different
main road trains with and without roof railing. Verti-
cal lines correspond to distances of 4400, 7400, 19900
mm, respectively. In front of any tractor, an excessive
pressure is created which counteracts the car and tries
to stop it, while in such a zone the speed of air move-
ment decreases until it reaches directly the cabin of the

car. After this, a sharp jump of speed corresponds to
the self-poison head flow, and the reduction behind it -
the gap between the tractor and the impudent ware-
house. The distance from 6950 to 19800 corresponds
to the trailer flap. After this, the airflow separation
from the rear of the trailer occurs, which is evidenced
by a sharp decrease in speed. The rest is the restora-
tion of the pest air velocity through the car.

Creation of three-dimensional models is more labor-
intensive process than construction of their projections
on a plane, but in this case of the three-dimensional
modeling there is a number of advantages, among
which:

— the possibility of considering the model from any
position;

— automatic generation of the main and additional
species on the plane;

— verification of interactions;

— engineering analysis;

— extraction of the characteristics required for pro-
duction.

b)

Figure 13 — The appearance of the tractor:
a — cabin of average height; b — low-cabin

In the future, the Flow Simulation function has been
used, which can simulate the flow of liquids and
gases, control grid, use of typical physical models of
liquids and gases, complex thermal calculation, gas,
hydrodynamic and thermal models of technical de-
vices.

With this package, the tractor traversing and flow
velocity around it have been calculated.

The results of three-dimensional modeling corre-
spond to the graphical dependences of previously cal-
culated trains areas can be seen at Figures 14 — 20.
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Figure 14 — Flow chart of the main auto train
with the average cabin

Figure 15 — Flow chart of the main train
with a low cabin

Figure 16 — Flow chart of the main auto train with
the average cabin and ordinary racing

Figure 17 — Flow chart of the main train
with a low cabin and ordinary ramp

Figure 18 — Flow chart of the main train
with an average cabin and an improved ramp

Figure 19 — Flow chart of the main train
with a low cabin and a front upgraded ramp

Figure 20 — Flow chart of the main train
with a with a low cab and located behind
the improved ramp

Conclusions

The study of the main train trail streamline enabled
to achieve the following results:

— after an analysis of the existing flow elements in-
stalled on the main train trailer and the revised large
number of rotors mounted directly on its roof, it was
substantiated the expediency of installing a movable
rope on the tractor roof that can change the trailer ro-
tation angle link air through a combination of two
movements — vertical and horizontal;

— the hydraulic roof railing changing the parameters
system with the possibility of adjustment for any
trailer structure is developed;

—suggested variants of roof ramp parameters ad-
justment connection;

— a generalized three-dimensional model of a tractor
and an advanced ramp has been created for conducting
experiments on it;

—a graphical simulation of the air velocity around
the mainline trailer of a different layout with and
without the roof railing installed using Microsoft Ex-
cel and SolidWorks Flow Simulation functions;

The next step is to create accurate models of the
most common tractors and study the passage of such
cars through the flow of air, both with and without the
outboard, it is possible to create a layout to confirm or
refute the data through computer simulation.
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This paper deals with the work studying of high strength steel in the constructions of silo capacities. The most widespread
trademarks of steel have been analyzed. Mechanical and chemical features of examples series of high strength steel of Euro-
pean and American manufacturers have been experimentally tested, which were used for the body’s sheet panels making.
It has been made checking calculation of storage capacity with the diameter of 11 m from shaped corrugated sheet of differ-
ent thickness. The material for panels manufacturing is one of the researched examples of steel. It was mentioned reasonable
conclusions according to the using of the concerned material for getting economically rational project decisions.
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BukopucranHs BUCOKOMIIHMX CTaJIeH 1Sl
KOHCTPYKIiH BEPTUKAJIBHUX CHIOCHUX EMHOCTEM
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JlaHa cTaTTs NpUCBSYEHA JOCTIHPKEHHIO POOOTH BUCOKOMIIHHUX CTaJIed B KOHCTPYKIIISIX CHJIOCHUX €EMHOCTEH. AHATI3YBaIHCS
HaWMOMMPEHIMI KIacH cTajeH, sKi 3aCTOCOBYIOTHCS 3apyODKHMMH Ta BITUM3HSHMMH BUPOOHMKAMH €JIEBaTOPHOTO 0ONaj-
HaHHS TIPH IPOEKTYBaHHI BEPTUKATGHUX HIIIHIPUIHUX CHIIOCIB Ut 30epiranHs 3epHa. Hamana orinka BIUIMBY mapaMeTpiB
Marepially Ha BJIACTHBOCTI OKPEMHX €JIEMEHTIB criopyau. [IpoBeneHo KOMIUIEKC MEeXaHIYHUX BUIPOOYBaHb HA PO3TAT Ta Xi-
MIYHHUH aHami3 cepii 3paskiB BucokominHoi ctami kiaciB S 550 GD ta S 420 GD eBponelcbKiX Ta aMepHKaHCHKUX BUPOOHH-
KiB, SIKI 3aCTOCOBYIOTbCS JUISl BUTOTOBIICHHS TO(POBAHHUX JIUCTOBHX IaHeNeid Koprycy. UHCIOBI pe3ynbTaTh JOCIIHKEHHX
XapakTepUCTHK MiATBEPAWIM IIOBHY BIINOBIAHICTH MaTepially HOPMATUBHUM 3HA4YEHHSIM BiINOBIOHMX KJIACIB.
[TpomoBKeHHAM AAaHOTO AOCHIIKEHHS OyJI0 BHKOHAHHS IEPEBIPOYHOTO PO3pPaxyHKY €MHOCTI 30epiranns aiametpom 11 m,
gKa Ma€ IWIHAPHYHY (OpPMy Ta KOHIYHE MHUINE | BHKOHAaHAa 3 MPOQUILOBAHMX XBWIACTHX JIMCTIB DPI3HOI TOBIIHHIL.
B sxocTi MaTepiary BUTOTOBJIEHHS 3aCTOCOBYBABCS OAMH 3 JOCITIIPKYBaHUX 3pa3KiB cTami. Bynn oTpumaHi 3Ha9eHHST KPUTH-
yHHX (DaKTOPIB JUIS JIUCTIB KOPITyCYy, BEPTHKAIBHUX pedep >KOPCTKOCTI 1 JIMCTIB KOHIYHOTO JHHIIA cHiIocy. Pe3ynbraT po3-
paxyHKiB HiITBEpIUIN €(EeKTHBHICTH 3aCTOCYBaHHS BHCOKOMIITHUX CTaJIed P NMPOEKTYBaHHI CHIIOCHUX €MHOCTEH Juts 30e-
piranns 3epHa. Hecyda 3maTHICTE eneMeHTiB Oyota 3a0e3medeHa Ha BCiX BHCOTHHUX SIpycax, IPOTE pe3epBU HECYdoi 34aTHOCTI
IpU IIbOMY BHUSBHIIKCS MiHiMaibHi. BiAmoBiIHO mpoBeaeHoro aHamizy c)opMOBaHI apryMeHTOBaHI BHCHOBKH, IIOJJO0 BHKO-
PHUCTaHHS PO3IIIAYBAHOTO MaTepiany Uil OTPUMAaHHS €KOHOMIYHO JOIUIBHUX MPOEKTHHUX PillleHb. 3a3HaueHi KOHCTPYKTHUB-
Hi 0OMeXeHHs, AKi He0OXiAHO BPaxOBYBAaTH NPH NMPOEKTYBaHHI Ta BUTOTOBJIEHI TOHKOCTIHHUX KOHCTPYKIIH 3 BUCOKOMILIIHUX
cTajell. B mepiry 4epry 1e CToCyeTbCsl yTBOPEHHS OTBOPIB MiJ OONTOBI 3’ €THAHHS, BIAIITYBaHHSA Ta 0OPOOKY KPOMOK 1 Bpa-
XyBaHHS T'PaHHYHMX PO3MIpiB BHYTPIIIHIX paJiiyciB 3a0KPYyTJICHb TIPH THYTTI JieTaJIe.

KnrouoBi cioBa: BUCOKOMILHI CTali, BEpTUKAIbHI CUJIOCHI €MHOCTI, TOHKOCTIHHI KOHCTPYKIIii, MeXaHiuHi BUIPOOyBaHHS
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Introduction

Modern construction of silo capacities is developing
in two directions. On the one hand, there is the devel-
opment of new conceptions of shaping and economic
design [1, 2], on the other, the use of high-strength
steels is intensively introduced into the practice of na-
tive production. It is known because the quality of the
structural material significantly affects the structure
reliability, durability, its technical and economic char-
acteristics. It is likely that such innovations have only
a positive effect such as reducing of the metalwork
weight, improving of performance indicators and in-
creasing freedom in choosing design solutions. How-
ever, this step requires the designer careful considera-
tion of the work features of the silo capacity during
construction and calculation, since the elements of
high-strength steel with a conditional yield curve have
an increased sensitivity to strain concentrators and are
prone to brittle failure.

Review of research sources and publications

Theoretical and practical research in the field of cal-
culation and design of the thin-walled shell construc-
tions, in particular silo capacities, does not lose its
popularity. It is possible to note significant scientific
works of both Ukrainian and foreign scientists [1-10].
The estimation of the reducing the metal consumption
of a silo construction from high-strength steel possi-
bility was carried out in the previous work [11].

Definition of unsolved aspects of the problem

The main elements of the vertical cylindrical con-
tainer are the body, consisting of individual sheets of
smooth or wavy texture, vertical stiffeners, cone roof
constructions and bottom. Silos body sheets perceive
axially asymmetric and asymmetric radial loads, while
the stiffeners work for compression with bend. It is
clear that for the supportive thin-walled shell construc-
tions more expedient to use a material with improved
durability. However, there is the question, how argu-
mentative is the use of steel with a conditional yield
curve, and whether the high utilization rate of steel is
advantageous in terms of ensuring the reliability and
the constructions safety.

Problem statement

The main material for making modern constructions
of the silo capacities storage is steel. There are a lot of
demands of mechanical and technological character to
the steel, which is used for making this type of con-
struction. The features of performance of silo capacity
elements need to provide not only conditions of dura-
bility and plasticity under the influence of corrosive
environment, but also the possibility of putting welded
joints, bending, cutting or drilling holes. It is likely
that these properties depend on the chemical composi-
tion of steel. Therefore, it is important to analyze how
the type of selected steel affects the constructive and
rigid parameters of the construction.

Basic material and results

In accordance with the standards of our country [12],
flat products for high strength steels after the heat
treatment or thermomechanical rolling is usually lim-
ited to a range of values of characteristic resistance R,,
0f 390...590 N/ mm” and by index of the plasticity (the
relative elongation), which is not less than 16% and
for the heat treated steel R, > 590 N/mm? (the relative
elongation is more than 14%).

In the most cases, foreign and native developers of
elevator equipment, in the practice of designing con-
tainers for grain storage, prefer steel of European and
American manufacturers. This step is argued by their
better quality and by the general increase of the useful
life of the construction. In addition, all constructions
of the silos are subject to significant corrosion proc-
esses, therefore the galvanization of steel is a neces-
sary condition.

For example, the German company RIELA offers
products with corrugated panels of S 550 GD+Z high-
alloy steel in accordance with DIN EN 10346 (value
of temporary resistance when stretching is 560 MPa),
with a thickness of 0,50 mm.

A number of American agro-market leaders,
Agri USA (silos CHIEF), use corrugated steel panels
with a tensile strength of 483 MPa and a standard gal-
vanized covering G 115 (350 g/m’); silos of the GSI
company have a corrugated steel profile with a mini-
mum resistance of 450 MPa, and a coating of
Zincalume (55% Al, 43.5% Zn and 1.5% Si), and the
thickness of 4,2...5,2 mm or galvanized steel G 90; the
silo capacities of MFS are constructed of steel with a
strength of 482,6 MPa, thickness to the 4,166 mm and
a zinc coating of standard G 15; SCAFCO products
are characterized by the use of steel with a yield
strength of 393 MPa; the silos of the American manu-
facturer VROCK have lateral segments of the galva-
nized steel G 90 with the strength of up to 65 psi
(448 MPa).

The Spanish companies Symaga and Cordoba offer
silos made of similar structural steel S 350 GD Z 600,
galvanized with the Sendzimir method and with the
innovative coating of ProMag, respectively.

The prevalent Canadian silo capacities of the
AGI company are made from low-carbon low-alloy
steel ASTM 653, Mark 50, Class 1 with a minimum
tensile strength of 450 MPa. The technical characteris-
tics of the body sheets of silos of the Westell company
indicate the use of steel with a yield strength of
345 MPa (50 ksi).

The Italian manufacturer FRAME for sheets of side
walls and stiffeners uses steel with thickness of
0,8...3,5 mm, a minimum zinc coating of 450 g/m2 and
a strength of 420 MPa and the marginal displacement
of 350 MPa, and also makes it possible to apply steel
of a higher class with zinc coating up to 600 g/m”.

As for the Ukrainian manufactures of steel contain-
ers for grain storage, we have the following tendency.
KMZ Industries uses high-quality stainless steel of
S 350 GD class with the zinc coating of Zn 275 —
Zn 600 from European manufacturers S SAB,
Voestalpine, Wuppermann. The silos of the company
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"Variant Agro Build" also design all the main ele-
ments from Austrian galvanized steel Wuppermann
Stahl GmbH of the class S 350 GD and Z 350-M-A
(zinc coating of 350 g/m or 450 g/m* and more).
The “LUBNYMASH” elevator plant, which declares
the production of a silo shell from galvanized steel
(275 to 450 g/m®) of the European production of the
marks S 350 GD and S 550 GD, is not an exception.

Thus, it can be noted that, for the most part, manu-
facturers choose the steel for storage containers that
have a temporary resistance of 400 — 500 MPa.
Among the strengths listed above, the Belgian Steel
Arcelor Mittal S550GD+Z is of the highest
strength. The authors® team has already carried out
the calculation of silo constructions with a diameter of
22 m from such steel, followed by a detailed analysis
of the bearing capacity of the main elements [11]. The
results showed that the use of steel of this trademark
really enabled to reduce the thickness of the elements,
but at the same time it caused a significant deteriora-
tion of the rigid characteristics of the vertical stiffen-
ing edges and increased deformability in the construc-
tions of the roof and the bin-top gallery.

Check of the used material correspondence to the
requirements of the standard UNSS EN 10346 [13]
was this study continuation. A set of mechanical tests
for the stretching of 6 standard flat examples of Euro-
pean steel S 550 GD (Fig. 1-a) provided by the
"LUBNYMASH" company was made and their
chemical analysis was carried out. The experiments
were carried out on the basis of the certified laboratory
of mechanical tests LLC "Etual-Metal".

Figure 1 — Examples of the steel after
the destruction:
a — European steel;
b — steel of the USA manufacture

According to [13], the steel S 550 GD (steel number
is 1.0531) has the following mechanical properties:
the conditional yield curve is Ry, ,= 550 MPa, the
temporary resistance is R,, = 560 MPa, and the rela-
tive elongation is not given. Accordingly to the melt-
ing analysis, the chemical composition of the steel of
S 550 GD class should be C=0,20%, Si=0,60%,
Mn = 1,70%, P =0,10%, S = 0,045%.

Mechanical tests on the static stretching were carried
out at the hydraulic tensile-testing machine P-50 M2
(Armavir, Russia) with a built-in electronic remote
control, accordingly to the GOST 1497-84 [14].
The chemical analysis of metal examples was carried
out by using an optical emissive spectrometer Q2 ION
(Bruker Elemental GmbH, Germany).

The numerical results of the features research
(Table 1) showed that the provided steel examples
fully correspond to the specified trademark

Table 1 — Check report of mechanical tests
on the static stretching

The results f the research and the diagram of
stretching (for the example Nel)
Neof the Max. Ultimate Relative
examle efforts, strength, | elongation,
H H/mm? %
1 63489,299 793,616 8,223
2 63242,549 790,532 8,057
3 63686,457 796,081 8,687
4 63715,082 796,439 7,637
5 64203,062 802,538 7,227
6 63579,683 794,746 8,187
64000
60000 — \
56000
52000 /_/ \
48000
44000
E 36000:
é 28000 /
o —
“
8000 —/
4000
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The second stage of the research was the similar
tests of increased strength steel of S 420 GD class, ac-
cordingly to EN 10346:2015 of the USA manufacture,
and used by the GSI company for the construction of
vertical steel capacities for grain  storage.
The examples were made directly from the sheet of
sheathing of the silos (Fig. 1-b). The numerical results
of mechanical tests on the static stretching are given in
the Table. 2.
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It is important to note that, in accordance with the
guidelines [12], the calculation of the body sheets and
the vertical stiffeners of the silo capacities from the

steel S 550 GD (R, 0.2=550 MPa, R,,=560MPa)
must be made on the strength with additional coeffi-
cient of reliability, according to the material y,= 1.3
with the using of calculation resistance R,, which is
determined by the temporal resistance under the
stretching R,,,. Besides, when determining the calcula-
tion resistance R, it is necessary to consider the coef-
ficient of reliability, accordingly to the material
7= 1.05, 1.e. R,=R,,/ #,. Thus, the actual calculated
characteristic of the silo element transverse section
strength from the steel S550GD is not 560 MPa, but
R,/ y,~410 MPa.

Table 2 — Check report of mechanical tests
on static stretching

The results f the research and the diagram of
stretching (for the example Nel)
Ne Max. Ultimate Relative
of the ex- efforts, strength, | elongation,
ample H H/Mm® %
1 16764,448 | 827,874 8,481
2 17103,400 | 844,012 9,428
17000 - ——
1 ™
o N\
- \\
12000
11 \
£ o] \
g woy
aw;
oo |
0 2 4 6 8 10 ll;fonsl.élH 16 18 20 22 24
Instead, the steel S420GD, according to

UNSS EN 10346:2014 [13] has the following
mechanical features: the conditional yield curve
is Ry, 0,=420MPa, the temporal resistance is
R,, =480 MPa MPa, and the relative elongation is
0=16%. Accordingly to the instructions [12],
for steel with the characteristic resistance of
R,, <440 MPa, the strength calculation is performed
accordingly to the calculation resistance beyond
the yield strength R, and with considering the
coefficient of reliability, accordingly to the material
%= 1.025. Thus, the calculation resistance is
R,= R,/ yin =410 MPa.

GSI silo testing, which has a cylindrical shape, a
conical bottom and made of steel grade S 420 GD, has
also been performed. Nominal diameter of the con-
tainer is 11 m. Constructively the body shell consists
of shaped wavy galvanized sheets with the height of
1165 mm (hereinafter, all geometric sizes were set by
the measurements). The height of the silo consists of

14 panels. Their thickness has three standard sizes:
0,85 mm are I-VII tiers; 1,2 mm are VIII-XII tiers and
1,36 mm are XIII-XIV tiers. Separate sheets are con-
nected with M10 bolts, which have sealing elements
of the strength class 10.9. In the ring direction, the
bolts are chequer. Total number of bolts per tier is
48 pcs. The outer stiffeners (Fig.2) are made of a
curved profile of a trapezoidal shape with 210 mm in
width and 70 mm in height. The thickness of the
transverse section of the rib varies within 1,2...4,2 mm
and decreases in height. The conical bottom is formed
of three layers of flat sheets with a thickness of 2 mm.

a)

b)

El
Figure 2 — Vertical stiffeners:
a — general view; b — transverse section
with the orientation of the main axes

The mathematical) silo model (Fig. 3) was created in
the finite element program complex SCAD 21.1 and
included the following groups of constructive ele-
ments: 1 — pier column; 2 — braces and spacers of the
pier column; 3 — supportive ring of the rigidity of the
conical bottom; 4 — bottom sheets; 5 — vertical stiffen-
ers; 6 — body sheets; 7 — elements of the conical roof.
Each finite element of the model was characterized by
the following main features: a dimension of the space
used (one-dimensional, two-dimensional, three-
dimensional); a set of nodes, which are located at the
boundary between the elements and which are com-
mon for the boundary elements; a set of external and
internal degrees of freedom in the nodes of the ele-
ments; a system of approximation functions.

The compilation correctness of the silos calculation
model and the correspondence of calculation results
with the actual work of structures at each step was
controlled by the following tests: the dimension of the
input and output quantities; the nature of the depend-
ence of the result from the change of some input data,
including the check of such properties as the expecta-
tion of symmetry (asymmetry) or insensitivity to some
parameters; the system behavior under the extreme
values of parameters; the observation of the conclu-
sions, which are made from the theorems of reciproc-

ity.
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The calculation results have shown that the bearing
strength of the body sheets (numerical data are given
in the Table 3), bolted joints, stiffeners (Table 4) and
other elements of the silo capacity is provided on all
high-rise tiers, however, at the same time reserves of
bearing strength are minimum: for body sheet of the
7th tier the critical factor is of 0.817; for the vertical
stiffeners of the 12th tier the critical factor is of 0.973,
for 13th is of 0.916, for 14th is of 0.983; for the sheets
of the upper tier of the conical bottom the critical fac-
tor is 0of 0.71.

st

b)

Figure 3 — Finite-element model of silo capacity:
a — general isometric appearance; b — the support part

Table 3 — Critical sheet factors of the body of silos

Tier b, N, kKN .y, KN/sm® Kp
mm
1 0,85 58 6,8 0,208
7 0,85 228 26,8 0,817
8 1,2 247 20,6 0,628
9 1,2 265 22,1 0,673
10 1,2 281 23,4 0,714
11 1,2 296 24,7 0,752
12 1,2 310 25,8 0,787

Symbols: ¢, is the thickness of the body sheet of the
silos at a given level;

N., is the value of the calculated annular longitudinal
effort of force per unit of height from the horizontal
pressures of bulk materials in the walls of round steel

silos, considering additional efforts from tempera-
ture’s drops;

Kr=N/ (Ry by) Yneto < 1

R,=41kN/sm’ are a calculation resistance of steel
beyond the yield stress;

Yheto = 1.25 the coefficient of weakening of the trans-
verse section by the holes of bolted joints, accepted on
the basis of the analysis of technical documentation.

Table 4 — The bearing capacity calculation
of the vertical stiffeners

Tier b W N N Mo Kp
mm sm kN kN-sm
10 2,8 16,373 | 183 251 0,849
11 3,4 19,638 | 210 326 0,856
12 3,4 19,638 | 239 370 0,973
13 42 | 23,862 | 269 436 0,916
14 4,2 23,862 | 300 486 0,983

Symbols: W, is a minimum moment of resistance
relative to axis V (see the Drawing 2);

N,,, M, are respectively, the longitudinal force and
bending moment from the external load;

Kr=9i(Nw /! (A R, y) + My | (W, R, %)) < 1 is the
value of the critical factor;

74 1s the coefficient of reliability of the model, which
considers the uncertainty of the calculation scheme
and other similar circumstances in the form of the
constructions sensitivity to local destructions, to initial
imperfections, to the joints compliance influence, to
the plastic properties of the material, to the presence
of dynamic effects or to idealizing of a material work
diagram;

A, is a cross-sectional area of the stiffeners;

7. = 1.0 is a coefficient of working conditions of the
constructions.

Table 5 — Calculation of the bearing capacity
of the conic bottom sheets

Tier Ni, Nr, O, or, O,
kN kN MPa | MPa | MPa

upper 624 533 312 267 292

middle 461 370 231 185 212

bottom | 270 204 135 102 122

Symbols: &,, Ny are the boundary calculation values
of longitudinal forces (correspondingly horizontal and
along the formative) per unit length of the conic
bottom section;

oy, oy are a strain in the sheets of the conical bottom
in the ring and axial directions, respectively;

Kp=o05/ R, is a value of the critical factor.

Another important factor is considering when
designing thin-walled constructions of high strength
steels is a number of constructive constraints, which
are connected with the installation of holes under the
bolted joints. According to the requirements [15], the
holes for bolted joints must be formed by drilling,
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punching, gas-thermal or plasma cutting; thus the
formation of holes using the method of punching is
prohibited for steels with a yield strength of more than
350 MPa. Also, the steel part edges of class C 440 and
above are subjected to planning or milling. According
to the clause 9.14 [15], when bending parts of carbon
steel on bending presses, internal radius of rounding
are assumed to be not less than 1,2¢ for constructions
that perceive static load. For parts made of low-alloy
steel (constructive steel S 550 GD should be consid-
ered in this case as a low-alloyed), the boundary size
of internal radius of rounding should be 50% higher
than for carbon steel.

The last argument considered when choosing a steel
trademark for the manufacture of a silos construction
is the coefficient of material use ,, = R, / R, , which
characterized by the ratio of yield strength R, to tem-
porary resistance R, (strength limit). For the steel
trademarks considered, this value is almost equal to

one k"%~ 0.98 [11], k,,*"*"~ 0.88. The reserve
of bearing strength of the constructions made of high-
strength steels with such a coefficient value £k, is
rather little. It should be considered that, first of all,
the destruction of constructions is fragile (quick, we
can also say, instant); secondly, the deflected mode of
constructions is extremely dependent on the presence
of strain concentrators in the form of holes, distortions
of the elements shape (including bending), damages of
the manufacture, i.e. any factors, which form the con-
struction, that are unfavorable for flowing of the
power flows.

Conclusion

1. Calculations of silo constructions made of high-
strength steels confirm the high efficiency of this ma-
terial when designing silo capacities for grain storage.

2. Checking calculation of the silo capacity ele-
ments, made of the S 420 GD steel, even when the
thickness of flat products is approximate to 1 mm (the
minimum thickness of the body sheets is 0,85 mm, of
the stiffeners is 1,2 mm and of the bottom is 2 mm), is
provided at every high-rise level, but the reserves of
the bearing strength is minimal.

3. There are a number of constructive constraints
that must be considered when designing thin-walled
constructions of the high-strength steel. First of all,
this applies to the requirements for holes, edges and
bending of parts.

4. Experimental tests of the steel chemical composi-
tion and properties of European and American manu-
facturers showed full correspondence to the normative
values of the respective trademarks. However, in spite
of the improved strength characteristics of the
S 550 GD steel in comparison with the S 420 GD, in
accordance with the guidelines [12], the numerical
values of the actual design characteristics of the trans-
verse section elements of the silo capacity of both
steel types must be chosen identically.
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The article deals with coatings in the form of the specific steel shells. After a detailed analysis certain number of accidents
and collapses, these collapses can be classified as “progressive” collapse. The main purpose of the article is the development
of design algorithms for evaluation of the stress-strain state and preventing the progressive collapse of the specific steel
shells. The method of prevention progressive collapse has been developed in the form of a constructive modernization.
The comparative finite-element analysis of the strained-strain state of the specific shells original models, models of discrete-
continual ribbed shells (with constructive upgrading) and models of solid ribbed shells has been carried out. From the analy-
sis results it can be concluded that the proposed modernization method can be considered as one of the possible options for
preventing progressive collapses and increasing the bearing capacity of specific steel shells.

Keywords: steel shell, arched thin-walled profiles, progressive collapse, buckling, open-type cylindrical compound shell.

JocaigkeHHs 3a1100iraHHIO MPOTPeCY04Y0ro 00BaJIeHHA
MeTaJleBUX 000JI0HOK CIeliaJIbHOT0 BUAY

Pesnik I1.A.", Ipe6inuyk C.C.%, Kopenes P.B.**, Bongapenxo B.I'.!

134 XapkiBchKHil HAiOHATBHIH yHiBepeuTeT MichKoro rocrogapersa im O.M. Bekeroa
2TOB «byniBenbHUK»
*Anpeca s muctyBanHsa E-mail: r.v.korr@gmail.com

B crarTi po3rnsHyTi HOKpUTTS Ta Ge3KapKacHi CIOPYAM y BHTILIII MeTajJeBUX OOOJIOHOK cHeniaabHOro BuUxy. OCHOBHHM
KOHCTPYKTHBHHM €JIEMEHTOM IIUX CHEeNiaIbHUX 000JIOHOK € apKOBI TOHKOCTIHHI IPOQiJIi X0I0JHOTO AehOpMyBaHHS, SKi BH-
TOTOBIISIIOTBCS Oe3mocepeHb0 Ha OyAiBeIbHOMY MalIaH4MKy. PO3rNIsHyTi OCHOBHI aHOMamii ekcIulyartalii 3a3HauyeHoro
KOHCTPYKILIH 3a3HaueHOro Buay. OCHOBHA 3 03HAUEHHWX aHOMaUIiil eKCIIIyaTalii noidrae y meBHii KUIbKOCTI aBapiil Ta oOBa-
JeHb, SIKi TiCis [EeTaJbHOTO aHaji3y MoHa Kiacu(ikyBaTH sK TNporpecyiode, abo «IaBUHOIOAIOHE» OOBaJICHHS.
J1o OCHOBHOT METH CTATTi BITHOCHTBHCS PO3pOOKa PO3PAXYHKOBHUX AITOPUTMIB OLIHKH HAIMPYXEHHO-Ie()OPMOBAHHOTO CTaHY
Ta 3axoAiB, IO IONEPE/KYIOTh HACTaHHS IIPOTPECYI0UOrO OOBAJICHHS MeETalIeBHX OOOJOHOK CIEeHiaIbHOTO BHUJY.
Po3pobneno croci6 3amobiranHs mporpecyovyoro 00BaIeHHs, y BUIIISAI KOHCTPYKTHBHOI MOJICpHi3allil OPUTiHAIBHOTO By3J1a
3’€HAaHHS apKOBUX KOHCTPYKTHUBHHUX eJeMeHTIB. [IpoBeeHO MOpIBHSUIBHUII CKIHUEHHO-EIEMEHTHHUH aHali3 HalpyXeHO-
J1ehOpMOBAHOTO CTaHy, aMIUTITYTHO-4aCTOTHUX XapaKTEPUCTHUK Ta CTIHKOCTI OpUTIHATLHUX MOJAENEH MeTaaeBuX 000JIO0OHOK
CHELiaIbHOTO BUAY, MOJIEJICH AUCKPETHO-KOHTHHYANbHUX PEOPUCTHUX 0OOJIOHOK (3 IMIJIEMEHTAIli€l0 KOHCTPYKTUBHOT MOJe-
pHi3awii By3na 3’€JHaHHA) Ta MoJeNied KOHTUHYaJIbHUX peOpucTHX 00010HOK. Pe3ynpTaTu aHamisy moAaHo y BUTIISAL MO3aiK
BEPTUKAIBHUX NEPEMillleHb, TOJOBHUX CTUCKAIOUUX Ta PO3TATYIOUMX HANPY>KeHb, MOPIBHAIBHOI AiarpaMu Koe(illieHTiB 3a-
nacy CTiHKOCTI Ta HOPIBHSIBHOI AlarpaMu 3Ha4YeHb YaCTOT BIACHUX KOJMBAaHb B 3aJI€KHOCTI BiJl HOMepa (OpPMH BIaCHUX KO-
nmuBaHb. OTpHMaHI pe3yNbTaTH YUCENbHHUX JOCTIPKeHb, CBIIYaTh PO e()eKTUBHICTH 3aIPOIIOHOBAHOT KOHCTPYKTHBHOI MO-
JepHizalii MeTaneBUX 000JIOHOK CIEIiaIbHOTO THITY, B SIKOCTI 3aX0JiB, IO MONEPEPKYIOTh HACTAHHS MIPOrpecyodoro ooBa-
JIEHHS 3a3HaYE€HUX 000JIOHKOBUX CHCTEM.

Kurouogi ciioBa: MetaneBa 060JI0HKA CHELiabHOTO BUAY, apKOBI Mpodifi, mporpecyrode 00BalieHHs, CTIHKICTh
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Introduction

The considered coatings are based on arched struc-
tural elements that are combined with each other by a
folded joint into a folded open-type ribbed cylindrical
shell (Figure 1). The construction of structural ele-
ments takes place directly at the construction site, in
addition, the mobility of the equipment (profile bend-
ing equipment) and transport compactness of the
original construction material (coiled steel) enables to
build objects for various purposes in the shortest pos-
sible time.

Figure 1 — The special type steel shell

Despite the frequency of use, the stress-strain state
and the stability of the designated special coatings re-
main poorly considered. Anomalies and collapses that
occur during this type of metal special shells operation
are of considerable scientific interest.

Review of research sources and publications

These structures are considered in the works of
Zverev V. [1] and Zhidkova K. [2] where arched
structures are considered on the basis of volume-
formed rolled metal. In the calculation of structures
where the profiles have corrugated limits, the method
based on the replacement of such faces is anisotropic
with plates of similar thickness, which is widely used.
Characteristics of rigidity which are found from the
condition of equality of linear displacements of corru-
gated and flat anisotropic plates, along the respective
coordinate axes, this simple but effective engineering
method was proposed in the works of Andreeva L.Ye.
[3, 4], where three types of corrugations are consid-
ered: trapezoidal, serrated and sinusoidal. In [5], the
effect of virtual imperfections on the stress-strain state
of the considered arch coverings was evaluated. The
article [6] is devoted to defining the features of cold-
formed trapezoidal arched profiles cross-sections work
of the “IIA” type system as part of the coating shell. In
[7], algorithms for calculating special type of arch
covers have been added.

Articles [8], [9] provide information on the com-
plexity of operation, a certain number of accidents and
their probable causes for shell systems that are consid-
ered.

Definition of unsolved aspects of the problem

The most common causes of collapses appearing in
expert opinions regarding an accident include:

— project errors;

— technological defects;

— violation of the exploitation rules.

Analyzing the collapse nature and rate, the so-called
“progressive” or “avalanche” collapse occurs, in other
words, a buckling of the described cylindrical ribbed
shells occurred. In Fig. 3 shows a frame-by-frame
fixation from a CCTV camera, the process of the
arched structure collapse.

Problem statement

The main goal of the article is the development of
computational algorithms for assessing the stress-
strain state and measures that prevent the onset of the
specific steel shells progressive collapse.

= 14 i I',_‘

2018, The collapse of the
coating (Ukraine)

2017, The collapse of the
granary (Ukraine)

=

2014, The collapse of a warehouse (Russia)

| g

2017, The collapse of parking structures (Belarus)

2018, The collapse of the
granary (Ukraine)

2016, The collapse of the
IceArena (Russia)

Figure 2 — Instances of the anomalies of exploita-
tion of special type shells
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Basic material and results

Establishing and ensuring the protection of buildings
and structures from possible progressive collapse cov-
ers a wide range of approaches considering the nature
and effects of various loads. At the same time, general
recommendations are to use the simplest calculation
methods that meet the requirements of construction,
but the non-triviality of metal shell structures are con-
sidered, encourages their transformation and the used
numerical models improvement.

The improved algorithm (and its verification) of
these structures stress-strain state analysis reflect the
possibility of progressive collapse, it is considered in
the article that is now in-print entitled «Progressive
collapse of the special-type arch systems: modeling
algorithm» that has been written by the authors
P. Reznik, L. Gaponova, S. Grebenchuk, R. Koreniev.
A feature of this approach is to display the design
nonlinearity of the specific metal shells and to use the
potential deformation energy as a criterion for the car-
rying capacity exhauster 10] with the implementation
of information technologies and approaches men-
tioned in [11]. The algorithm is generally illustrated in
Fig. 4.

An example of the short shell model calculation re-
sults, with the implementation of the above principles,
is shown in Fig. 5.

Figure 3 — A 60 meter long structure collapsed
in less than 10 seconds
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Figure 4 — The flowchart of the research stress-strain state algorithm of the arch-type system,
considering the deformed scheme and probability of progressive collapse
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Figure 5 — An example of visualizing the values
of the longitudinal force in the elements at
the i- step of the calculation (the deformed scheme)

However, along with the need to consider the possi-
bility of progressive collapse, methods of its preven-
tion also remain the main open question. This is espe-
cially relevant for the specific systems which are, in
fact, compound shells, as it has been noted earlier.
However, it is necessary to ensure adequate common-
ality of the arched structural elements work. The pro-
posed constructive implementation provides for the
installation of bolted joints, as shown in fig. 6.

Figure 6 — The proposed constructive
implementation of the arrangement of
the bolted connection

This modernization enables to ensure the arched
structural elements deformations compatibility, and to
transform the stress-strain state of a specific compos-
ite shell into a stress-strain state close to a continuous
ribbed shell, thereby obtaining a discrete-continuous
ribbed shell. It is confirmed by comparing and analyz-
ing the stress-strain state and stability of the computa-
tional models: a continuous ribbed shell, as well as the
above-described discrete-continuous shell (using a
bolted joint).

Consideration of qualitative and quantitative results
has been carried out in the environment of PC "Lira"
(license No. 1/6258), funded by the finite element
method [12].

Researches have been conducted on the basis of ac-
cepted hypotheses and assumptions:

1. The principles of the shells classical theory are
adopted, based on the Kirchhoff-Love hypotheses
[13].

2. The torsion and displacements difference of the
shell sides elements are not permissible and are not
considered. According to the manufacturing technol-
ogy, the supports are assumed to be articulated and
fixed, that is, in the researched FE-models, linear dis-
placements in the nodes of finite elements adjacent to
the onboard element are prohibited.

3. Researches have shown that the end diaphragms
of cylindrical shells are so rigid that in the majority of
cases they can be considered to be non-deformable in
their own plane, and from their own plane they are as-
sumed to be absolutely flexible, that is, those ones that
do not perceive perpendicular efforts [14]. In order to
reduce the dimension of the finite element models un-
der study, the simulation of diaphragm designs has not
been performed, and according to the above, at the
nodes of finite elements bordering the diaphragm, lin-
ear displacements in the plane of the diaphragm, that
is, along the global X and Z axes, of the coordinate
system of the used software complex have been pro-
hibited.

[ I e e | e | —" | — — | — | —)
113 S 083 076 0373 043 0286 0043 000194 000184 0043 0194
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Figure 7 — Displacement along the vertical axis "Z'":
a) FE model of a ribbed continual shell;

b) FE model of a modernized special type shell
(bolted)
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The models of the short shells [15], which have the
following geometric ratios, boundary conditions, and
features have been researched:

« L =D =2R, with R =11.63 meters, H=R, “R” is
the radius; “H” is the camber of arch; “D” is the length
of the shell;

* Shell thickness t = 1.2 mm;

* In the ribbed shell model, the thickness of the rein-
forcing rib is equivalent to the double thickness of the
shell itself, that is, t, = 2t = 2.4 mm.

* To simulate a bolted joint, the principle is shown in
fig. 4, however, instead of the FE 255 (two-nodes fi-
nite element of one-sided bonds), the FE10 has been
used (universal spatial rod &4 mm Stell 235).

* In places where the shell mates with the onboard
element - a fixed hinge, that is, linear displacements
along the X, Y, Z axes are prohibited in the used
global coordinate system of PC "Lira";
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Figure 8 -- Mosaic of distribution
the main stresses "¢," MPa:
a) FE model of a ribbed continual shell;
b) FE model of a modernized specific shell (bolted)

A uniformly distributed load has been applied,
which is equivalent to 0.0015 MPa.

As a result of analyzing the components of the
stress-strain state, at the Figures 7-9 it is shown the
mosaics of vertical displacements distribution along

the vertical (along “Z”), and also the mosaics of the
main ones stretch and compress stresses o1 and 3.

For a more detailed analysis, for the researched shell
models, as well as for the shell model, with similar
dimensions and boundary conditions, but the one that
reflects the possibility of progressive collapse, and
does not contain constructive modernization (that is,
using FE 252 - one-way connection) modal analysis
and comparison of amplitude-frequency characteris-
tics (AFC) have been done. The comparison of ampli-
tude-frequency characteristics (AFC) of systems is il-
lustrated in the graph of Fig. 10.

Since, as it is known, in most cases, the main crite-
rion for the exhaustion of the shells bearing capacity is
buckling. Buckling tasks are closely related to geo-
metrically non-linear problems.

When using the stepping method of calculation, the
buckling of the structure denotes the positive definite-
ness of the equations linearized system matrix.
The condition of positive definiteness of a symmetric
matrix, according to the Sylvester criterion, is the
positivity of all its main minors, which is checked dur-
ing the elimination of unknowns by the Gauss method
[16].
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Figure 9 - Mosaic of the main stresses
distribution'¢;" MPa:
a) FE model of a ribbed continual shell;
b) FE model of a modernized specific shell (bolted)
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Figure 10 — Graph of the natural frequencies
values, depending on the form number

This approach enables to research stability while si-
multaneously considering both geometric and physical
nonlinearity. This method of stability research is
called the deformed scheme stability method.

The main task of calculating the stability is to de-
termine the critical parameter value of system buck-
ling - A. The physical meaning of the buckling critical
parameter is that if the load on the structure is in-
creased by a factor of A, the system loses its stability.
This version of the design stability assessment as-
sumes that the distribution of forces/stresses is known
from the solution of a linear static task and all external
forces applied to the system (and as a result, internal
forces/stresses) increase in proportion to one parame-
ter A. A buckling instability occurs when the reduction
in force resistance is accompanied by the increase in
displacement [17].

The main task is to determine the value of the nu-
merical parameter A so that at the external forces
(A x Fy) there is a buckling. For the researched shells,
the buckling factors are presented in the diagram
in fig. 11.
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Figure 11 — Diagram of the critical parameters
of the systems buckling - A

Conclusions

After analyzing the vertical displacements of the
ribbed continual shell and the modernized special type
shell (with bolted connection), which are shown in
Fig. 7, it is noted that the nature of the distribution and
the value of the displacements have the same order.
The value of tensile and compressive stresses "o1" and
"63" in the compared shells have almost identical dis-
tributions and the same order of value, Fig. 8-9.
From the above, it can be concluded that the special
type system obtained by constructive modernization
(bolting installation) can be considered a discrete-
continual ribbed shell while having a sufficiently ade-
quate safety margin compared to other design models.
This indicates the rationality of this approach. And the
proposed modernization method enables to consider
one of the possible options for preventing progressive
collapse and increasing the bearing capacity of special
type steel shells. As a development of this line of re-
search, a full-scale experiment is planned to assess the
impact of constructive modernization on the stress-
strain state of discussed structures.

References

1. 3Bepes, B.B. (2000). Dgpexmusnvie cmpoumenvhvie
MEMAannoKOHCMPYKYUl Ha OCHOBe 00beMHO-OPMOBAHHO20
monkonucmogozo npoxama (Juc. n-pa. Tex. Hayk). Bopo-
HEXKCKasi TOCYylapCTBeHAs! apXUTEKTYPHO-CTPOUTENbHAS aKa-
nemusi, Boponex.

2. Kunxos, K.E. (1999). Paspabomka u ucciedosanue
aApouHbIX KOHCMPYKYUU € JUCMOBOU NPOCMPAHCMBEHHOU
pewemxou. (Juc. xann. Tex. Hayk). Jlumenkuii rocymapcrt-
BEHHBIH TEXHUYECKUN YHUBEPCUTET.

3. Angpeesa, JLE. (1955). Pacuer ropupoBaHHEIX MeM-
OpaH, KaK aHM3OTPOIHBIX IUIACTUHOK. HMHoicenepHwlil cOOp-
nux AH CCCP (omoenenue mexuuueckux HayK, UHCMUMym
mexanuxu), Tom XXI, 128-141.

4. Aunpeesa, JLE. (1956). Pacuer xapakrepuctik rodpu-
poBaHHBIX MeMOpaH. [Ipubopocmpoenue, 3, 11-17.

5. Kopenes, P.B. (2018). Brmus BipTyanbHUX HEIOCKOHA-
JoCTel Ha HAMpyXeHO-Ae(hOpPMOBaHuil CTaH i CTIMKICTH crie-
LiaJbHUX 000JIOHKOBHX CHCTEM. KomyHanshe 20cnodapcmeo
micm: naykoso-mexniunuil 30ipnux, 140, 109-119.

1. Zverev, V.V. (2000). Effective building metal structures
based on volume-molded thin-sheet metal (Dis. Dr. of tech-
nical sciences). Voronezh State Architectural and Construc-
tion Academy, Voronezh.

2. Zhidkov, K.E. (1999). Development and research of
arched structures with a spatial sheet grid. (Dis PhD of
technical sciences). Lipetsk State Technical University, Li-
petsk.

3. Andreeva L.E. (1955). Calculation of corrugated mem-
branes as anisotropic plates. Engineering Digest of the USSR
Academy of Sciences (Department of Technical Sciences,
Institute of Mechanics), Volume XXI, 128-141.

4. Andreeva, L.E. (1956). Calculation of the characteristics
of corrugated membranes. /nstrumentation, 3, 11-17.

5. Koreniev, R.V. (2018). The influence of virtual imper-
fections he stress-strain state and the stability of special
shell-type systems. Municipal economy of cities: science and
technology journal, volume 140, 109-119.

306ipHuK HayKoBHX Tpatb. Cepist: [anmy3eBe MammHoOy 1yBaHHs, OyaiBHunTBo. — 1 (52)' 2019. 63




6. binuk, A.C., Jlanonos, M.B. (2012). BuzHaueHHs reo-
METPUYHHMX XapaKTEePUCTHK XOJOAHO(OPMOBAHUX TOHKO-
CTIHHUX apKoBHX NpodiniB. 36iprnuk Hayxosux npaye Ykpa-
incoko2o incumymy cmanesux koucmpykyiu im. B.M. LLu-
MaHoecvko20, 9, 193-203.

7. babaes, B.M., Byraescekuii, C.O., €sens, C.M., €B3e-
pos, LI, Jlanryx-JIamenko, A.l., IleBeroBchkuii, B.B.,
Iumanoscrkuit, O.B., Hmyxnep, B.C. (2017). Yucenvni ma
eKCnepuMeHmanbii Memoou payioHanbHO20 NPOeKmyBaHHs
ma 36edenns Koncmpykmuenux cucmem. Kui: Craip.

8. Kysnenos, 1.JI., Ucaes, A.B., 'mmpanos, JI.P. (2011).
[Tpuunabl 00pyHIeHnsT OecKapKacHOTO apoOYHOTO COOpYXKe-
Hust nposietoM 30 M. HM3secmusa Kasanckoii eocyoapcmeenou
apxumexmypho-cmpoumenvHoul akademuu, 4, 166-171.

9. Apwmenckuii, M.IO., Bemsxos, W.U., Epemees, ILI.
(2007). D¢ dexTuBHBIC XPAHUINIIA U3 JITKUX apOYHBIX Me-
TaJUIMYECKUX KOHCTPYKUMH. [Ipomwiuiientnoe u epasxcoarc-
Koe cmpoumenscmeo, 3, 16-18.

10. Imyxiep, B.C., Knmumos, F0.A., Bypsax H.II. (2008).
Kapracuvie cucmemvr obnezuennozo muna. XapbkoB: 3070~
ThI€ CTPAHUILIBL

11. Kalmykov, O.A, Gaponova, L.V, Reznik, P.A. & Gre-
benchuk, S.S. (2017). Use of information technologies for
energetic portrait construction of cylindrical reinforced con-
crete shells. 6-th International Scientific Conference “Reli-
ability and Durability of Railway Transport Engineering
Structures and Buildings (Transbud-2017).

https://doi.org/10.1051/matecconf/201711602017

12. T'oponeukuii, A.C., llImyknep, B.C., bongapes, A.B.
(2003). Angpopmayuonnsie mexnonrocuu pacuéma u npoex-
muposanus cmpoumenvHvlx KoHcmpykyuti. XappkoB: HTY
«XIIW».

13. Bracos, B.3. (1962). Uz6pannvie mpyovr. Obwas me-
opusa oboaouex. Tom 1. Mocksa: U3a-so AH CCCP.

14. Baiikos, B.H., Xawmne, 3., Pays, D. (1990). IIpoexmu-
poeanue icene306emonHnbIX MOHKOCHEHHbIX NPOCMpPAnCm-
senHwix koncmpykyuil. Mocksa: CTpoinzaar.

15. buprep. U.A. et al. (1968). IIpounocms, ycmouiuu-
socmy, konebanus. Tom 3. Mocksa, MammHoCTpoeHHe.

16. Japkos. A.B. & Illanmomankos. M.M. (1986). Bydise-
nvHa mexanixa. MockBa: Buia mkona.

17. Szyniszewski. S. & Krauthammer. T. (2012). Energy
flow in progressive collapse of steel framed buildings. Engi-
neering Structures, 42, 142-153.

http://dx.doi.org/10.1016/j.engstruct.2012.04.014

6. Bilyk, A.S. & Laponov, M.V. (2012). Determination of
geometric characteristics of cold-formed thin-walled arch
profiles. Collection of scientific works of Ukrainian Institute
of Steel Structures named after V.M. Shimanovsky, 9,
193-203.

7. Babayev, V.M., Bugaevsky, S.0., Evel S.M,
Evzerov, 1.D., Lantuh-Lyashchenko, All, Sheve-
tovsky, V.V., Shimanovsky, O.V. & Schmukler, V.S.

(2017). Numerical and experimental methods of rational
design and construction of structural systems. Kiev: Steel.

8. Kuznetsov, I.L., Isaev, A.V. & Gimranov, L. (2011).
Reasons for the collapse of a frameless arched structure with
the span of 30 m. News of Kazan State Architecture and
Construction Academy, 4, 166-171.

9. Armensky, M.Yu., Vedyakov, L.I. & Eremeev, P.G.
(2007). Efficient storage of light arched metal structures. /n-
dustrial and civil construction, 3, 16-18.

10. Shmukler, V.S., Klimov, Yu.A. & Buryak, N.P.
(2008). Lightweight frame systems. Kharkov: Golden pages.

11. Kalmykov, O.A, Gaponova, L.V, Reznik, P.A. & Gre-
benchuk, S.S. (2017). Use of information technologies for
energetic portrait construction of cylindrical reinforced con-
crete shells. 6-th International Scientific Conference “Reli-
ability and Durability of Railway Transport Engineering
Structures and Buildings (Transbud-2017).

https://doi.org/10.105 1/matecconf/201711602017

12. Gorodetsky, A.S., Shmukler, V.S. & Bondarev, A.V.
(2003). Information technology for the calculation and de-
sign of building structures. Kharkov: NTU "KhPI".

13. Vlasov, V.Z. (1962). Selected Works. General theory
of shells. Volume 1. Moscow: Publishing House of the
USSR Academy of Sciences.

14. Baykov, V.N., Hampe, E. & Raue, E. (1990). Design
of reinforced concrete thin-walled spatial structures.
Moscow: Stroyizdat.

15. Birger, LA. et al. (1968). Strength, stability, oscilla-
tions. Volume 3. Moscow, Mechanical Engineering.

16. Darkov, A.V. & Shaposhnikov, M.M. (1986). Con-
struction mechanics. Moscow: High School.

17. Szyniszewski. S. & Krauthammer. T. (2012). Energy
flow in progressive collapse of steel framed buildings. Engi-
neering Structures, 42, 142-153.

http://dx.doi.org/10.1016/j.engstruct.2012.04.014

64 Academic Journal. Series: Industrial Machine Building, Civil Engineering. — 1 (52) 2019.




36ipHuk HaykoBuX npanb. Cepisi: I'ay3eBe MamiuHOOy1yBaHHs, OYTiBHUIITBO

Academic journal. Series: Industrial Machine Building, Civil Engineering

http://journals.pntu.edu.ua/znp
https://doi.org/10.26906/znp.2019.52.1677

UDC 624.012.35:620.173/174

Strength analysis of reinforced concrete flexural members
at not entirely use of reinforcement resistance
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The suggestions for the engineering calculation of the reinforced concrete flexural members strength during the elastic work
of steel are given. The engineering technique is developed on the basis of a nonlinear deformation model application using
fractionally rational function for describing the process of concrete compressed area deformation and other prerequisites that
are recommended by current norms for the reinforced concrete structures design. The analytical dependences have been ob-
tained for determining the neutral axis depth and the calculation of the internal bending moment value perceived by the beam
in the normal section. The task of determining the load-bearing capacity of the bending element is reduced to searching by
the direct analytical dependences the maximum value of the bending moment that can be perceived by the beam at given
strains of the most compressed rib of a cross-section.

Keywords: reinforced concrete, beam, strength, analysis.

Po3paxyHoK HeCy4ol 31aTHOCTI 3a/1i300€TOHHUX 3rHHAJILHUX €JIEMEHTIB
MPHU HEMMOBHOMY BUKOPHUCTAHHI MIITHOCTI apMaTypu

Iasaikos A.M.', l'apbkaBa O.B.>*

! TlonraBchkuii HariOHATBHMI TeXHIYHMH yHIBepcuTeT iMeHi FOpist Konnpartioka
? IMonraBchKuil HaLiOHANBHIIT TeXHIYHMIT yHiBepcuTeT imMeri FOpis Korgparioka
*Anpeca s muctyBanHs E-mail: olga-boiko@ukr.net

V OyniBenbHIN NPaKTHI HOAEKYH 3aCTOCOBYIOTHCS ITepeapMOBaHi 3a1i300€TOHHI eJIEMEHTH, a TaK0X TakKi, B IKHX IpH 0a-
TaTOpsAAHOMY pPO3TAIllyBaHHI apMaTypH HAmNpyXeHHS HE B YCiX apMaTypHHX CTEPXKHSX JIOCATalOTH MEXi TeKy4OCTi.
Po3paxyHOK MIIHOCTI TaKMX KOHCTPYKLIH € CKJIAQJHUM Ta TPYAOMICTKHM IPOIECOM, OCKITbKH 1HXEHEPHOI METOIUKU Ui
TaKOTO BHUMIAJKy PO3paxyHKy Ha OCHOBI HeliHiiHOI nedopmariiinoi Moneni He po3pobiaeHo. Po3polneHHs iHxkeHepHOi MeTo-
JIKH PO3paxyHKy HECY4Oi 3JaTHOCTI IIUX 3aJ1i300€TOHHUX 3THHANBHUX €JIEMEHTIB 31HCHEHO 3 ypaxyBaHHIM BUMOT YHHHHUX
HOPM, PO3MOALT HANPYXKEHb B OSTOHI CTUCHYTOI 30HM 3/iHCHEHO BIAMOBIAHO 10 AiarpaMH «HANpyXeHHSI — AedopMarii» y
BUTJIAI IpOOOBO-pamioHaNIbHOT 3aIeKHOCTI. 3a/1ada 3 po3paxyHKy MIITHOCTI B HOPMAJIBHOMY II€pepi3i po3IISAaeThCs IS
0aNky NPSIMOKYTHOTO MONEPETHOT0 Iepepi3zy, apMOBAHOTO OAMHOYHOIO apMaTypol0 B MOMEHT JOCSATHEHHs OETOHOM Ha PiBHI
HaiOinbm crucHyTol (ibpm Takmx 3HadeHb aedopMamii, KOJM Hecyda 3HATHICTb eJeMeHTa Oyae MaKCHMaJIBHOIO.
[Tpu upoMy apmaTypa B MOIEPEYHOMY IIepepi3i NpaIfoBaTUME 3 HEIOBHUM PO3PaXyHKOBHM onopoM. OTpuMaHi aHaTiTHYHI
3QJIOKHOCTI 111 OOYMCIIEHHS BHCOTH CTHUCHYTOI 30HM O€TOHY Ta 3HAUEHHs BHYTDIlIHBOI'O 3TMHAJIBHOTO MOMEHTY, IO
crpuiiMaeThes 0aKOI0 B HOpMaJIbHOMY Tepepisi. Po3paxyHok Hecyuoi 31aTHOCTI 3rMHAJIBHOTO €JIeMEHTa 3BEI€HO 10 00UHC-
JICHHSI MAaKCUMAJIHOTO 3HAYEHHs 3THHAJIBHOTO MOMEHTY, SIKHil MOXe CIPUHHATH 6ajKa NpH rPaHUYHUX 3HA4YCHHSX nedop-
Mamiii HaffGiIbII CTUCHYTOT TpaHi mepepizy. PO3risiHyTO TakoXX BUIIAJOK PO3paxyHKy MIITHOCTI 3THHAIBHUX €JIEMEHTIB 3 0a-
TaTOPSJHUM PO3TAllyBaHHSIM PO3TATHYTOI apMaTypH, IPH KOTPOMY HaIpyXKEHHS, SKi BIJIITOBIAIOTh MeXi TeKydOCTi, TOCs-
raloThesl HE B YCIX psAax apMaTypH. 3aCTOCYBaHHS APOOOBO-paIliOHANBHOI 3aJIeXKHOCTI IS OIMCAaHHS Iporecy aehopMy-
BaHHS OETOHY CTHCHYTOI 30HHM 3THHAJBHUX EJIEMEHTIB JAJI0 3MOTY CYTTEBO CHPOCTHTH Ta HAOIM3UTH A0 IHXXKEHEPHOTO
PO3B’A3KY 3aa4uy 3 BU3HAYECHHS HECYYO0l 34aTHOCTI €JIEMEHTIB 3 HEOBHIM BUKOPHCTaHHAM MILTHOCT] PO3TATHYTOI apMaTypH.

Kurouosi cioBa: 3amizo0eToH, 6anka, MillHICTb, pO3PaXyHOK.
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Introduction

Design of reinforced concrete members and struc-
tures on the basis of nonlinear deformation of materi-
als more accurately reflects the actual work of materi-
als and is recommended by the current norms [1, 2].
Practical methods for solving problems of the rein-
forcement selection, and determining the reinforced
concrete elements strength have been developed on
the basis of this approach. In practice there are some-
times overreinforced elements or those where, when
multi-row arrangement of tensile reinforcement,
stresses reach the yield strength not in all reinforcing
bars. Determining the strength of such structures is a
much more complicated calculation process, since the
engineering methodology for such a calculation case is
not developed. Even the strength calculation of rec-
tangular section reinforced concrete beam cannot be
performed without special computer programs, where
the physical essence of the process is closed from the
designer, which deprives him of understanding the de-
sign theoretical foundations.

Review of research sources and publications

Proposals for engineering calculations of the bending
reinforced concrete elements strength are given in
works [3 — 8]. In particular, in the publications [3 — 5],
these proposals are implemented on the basis of the
fractional-rational "stress-strain" dependence in the
concrete compressed area use. In [6] examples of calcu-
lating the strength and determining the area of rein-
forcement on the basis of the reinforced concrete resis-
tance concept are considered. In the article [7] methods
of the problem engineering solution of determining the
longitudinal reinforcement area of the bending elements
is given. All of the above proposals are obtained only
for elements with entire use of the reinforcement
strength. In the paper [8], the problem of determining
the strength of both normal and overreinforced rein-
forced concrete elements is proposed to be solved on
the basis of the application of a uniform stresses distri-
bution in the concrete of the compressed area. Publica-
tions [9 — 14] are devoted to the development of meth-
ods for calculating the strength of any reinforced con-
crete elements based on the deformation model in the
general case and are proposed for implementation only
with the use of modern computer programs.
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Definition of non-solved aspects of the problem

Thus, in the theory of structural analysis of rein-
forced concrete elements a gap was created, which
concerns the lack of engineering calculations of ele-
ments with reinforcement in an elastic stage.

Problem statement

Consequently, the development of an engineering
method for calculating the carrying capacity of rein-
forced concrete bending elements with partial use of
the reinforcement strength is an urgent task.

Basic material and results

The solution of the problem is carried out according
to the design scheme depicted in Figure 1. In this case,
the preconditions for calculating according to the
norms [1, 2] are considered. In the scheme, the func-
tion-approximation of the "strain-strain" diagram in
the form of fractional-rational dependence (3.4) from
[1] was used in the image of the curvilinear diagram
of the stresses distribution in the concrete compressed
area.

The problem of calculating the strength is consid-
ered for a single reinforced beam of rectangular cross-
section (Fig. 1) at the time when the most compressed
concrete fibers reaching the level of such strain values,
when the carrying capacity of the element is maximal.
In this case, the reinforcement in the cross section
works with partial design strength, i.e. g, < f,.

In the task, it is taken as known values: the area of
the longitudinal reinforcement A, in the cross-section,
the dimensions of the cross-section of the beam & x 4,
the physical and mechanical characteristics of the con-
crete fo4, Ecq, €01 and reinforcement £, E;. For the con-
sidered beam it is determined by the engineering
method [5], that &> &;.

Unknown values are the maximum value of the re-
sisting moment Mp,;, which can be perceived by the
beam, and the corresponding value of strains in the
most compressed concrete fibers &) = &, (its level
n = 1n,), at which the beam maximizes resistance to
the external load.

: %/" el

Figure 1 — Design scheme of the reinforced concrete beam
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To solve the problem according to the accepted de-
sign scheme (Fig. 1) it is used:
— equation of equilibrium:

> X=0; N,-N,=0, (1

D My=0; Mpy—N,(d—x+yy,)=0, )

where N,, N, — resultant forces respectively in rein-
forcement and concrete;
d, x, yn. — the effective depth of the cross-section, the
neutral axis depth, the distance from the neutral axis to
the point of force N, application;

— the "stress-strain" diagram for concrete at the axial
compression according to [1]

o :fcd(kﬂ_ﬂz) , (3)
< 1+ (k=2)n)

where & :1705(EL'd Ecled /ﬁ'd)a n= (gc/ 8L’1,Cd) < k)

fea» Ecq — accordingly, the design values of concrete

strength at axial compression and its elastic modulus;
— condition of strains compatibility of concrete and

reinforcement

& =&y “4)

— the "stress-strain" diagram for reinforcing steel in
tension (compression)

O-s:Esgs at 0< & S];d /Ev, (5)
O :ﬁzd at J;d /Ev <& < Euds (6)

— criterion for the maximum strength of the cross
section of the beam element

Mu(gcu) = Mu = maXM(gc(I))
or
M,(n.) = M, = maxM(n), (7

in which the ultimate (characteristic) value of the
compressive strain in the concrete (or its level) satis-
fies the condition of the extreme strength criterion of
this section in the beam [2, p. 4.1.1], thereby ensuring,
in the general case, the duality of the beam element
strength problem solution in cross section.

To solve the problem, it is necessary first to express
the components N;, N,, x and yy,. in equations (1) and
(2) functionally through o, x, & or through g, x,
Heqr)-

To achieve this goal there is a need to have the law
of stress distribution in the concrete of the compressed
area in the form o. = Ay, 7u),...). Such a law de-
scribes the distribution of stresses in the concrete of
the compressed area in the coordinate system Y.O.X.
with its start on the neutral axis (Fig. 1), is obtained as
follows

fcdﬂc(l)y(k?C—ﬂc(l)J’)
x(x+(k—2)776(1)y) ’

where y — the current coordinate;

x — the neutral axis depth.
Applying the dependence (8), the components of

equations (1) and (2), after performing the necessary
mathematical actions, are given to the expressions:

O (y, 77c(1),m): @)

N :bj ﬁdﬂc(l)J’(kX—ﬂc(l)J’)

o x(x+(k=2)m.0)) =ttt ®

ch=Sc/Nc=x¢("”“)) ; (10)
()
xﬂdﬂc(l)y(kx—qc(l)y)y s
St dy=[abp(ney)s (1)
i[ x(x+(k—2)77€(l)y) d ( (1))
2
w(m(l)):(k—l) (c3—1nc—1) N
(k=2) 1.0y 2(k-2) ;o (12)
o(eqty ) =111y (1=T1ey/3) ipm k=2,
) (k_l)z[(c—z)%zlnc_q -
Pl )= npu k#2,
2(k-2)' 3(k-2) W

2 Tkq
(/’(’70(1)):%(1)(3— 84 ] npu k=2,

where w(#.1)) — the coefficient of the stress diagram
fullness in the concrete compressed area, as it can be
seen from formula (9).

Formulas (12) and (13) are derived when developing
the expressions (9) — (11), while the notation was
made C:1+(K—2)7’]c(1).

After the substitution of the values of N,, N., x and
Yne expressed in terms of #.y into (1) and (2), with
0, < fya, the latter acquire the form:

Ee A~ f.bxw=0; (14)
M gy~ froqbxa(d— yox)=0, (15)
where coefficient
7="=F, (16)
[0)

shows which part of the depth x the distance from the
most compressed fibers to the point of application of
the resultant N, constitutes.

Based on the hypothesis application of strains linear
distribution, an expression is used to determine the de-
formations of the tensile reinforcement

g, fenld=Y) (17)

X

After substitution (17) into the first equation of equi-
librium (14) a formula for the direct determination of
the neutral axis depth is obtained

x=—B+VB*+2Bd , (18)
where
E A
B:gc(l) st (19)
2f. bw

Thus, the problem of determining the strength is re-
duced to finding the maximum value of the bending
moment that can be perceived by the beam
at the predefined deformations &, of the most com-
pressed rib from the second equation of equilibrium

My =f.ybxa(d - yox). (20)
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In practice, bending elements with multi-row ar-
rangement of tensile reinforcement are often used. In
this case, the stresses in the reinforcement of different
rows may reach the yield strength or not. For this case,
the design scheme acquires the form shown in Fig. 2.
Equation for equilibrium for the considered design

scheme (Fig. 2) is written as follows:
D> X=0; Ny+N,—N,=0, (1)

ZMA =0; My —Ni(d;=x+yy: )=Ny (d; _'x+ch):0’ (22)

e | rev. |

Yyl

in which N;;, N,; — the resultant forces in the tensile re-
inforcement, the stress at which o, = f,, and o, < f4, re-
spectively;

d; — the distance from the most compressed border of
the cross-section to the i-th row of reinforcement, the
stress of which reaches the yield strength (o, = f,.);

d; — the distance from the most compressed border of
the cross-section to the j-th row of reinforcement,
where the stress does not reach the yield strength

(O-s <fyd)~

| foo _ b

-1

Figure 2 — Design scheme of the reinforced concrete beam
with multi-row arrangement of tensile reinforcement

After substituting the values of Ny;, N, x and yy,. into
equations (1) and (2) with o, <f,,, the latter acquire
the form:

n k
E. D &3 Ag+[ra 2 Ay~ frabxw=0, (23)
i=1 J=1
Mgy —€.0\Eq Z(di /X_I)Asi (di —;(a)x)—
= (24)

k
—fa ZAS]- (dj —;(a)x)zO,
j=1

where n — the number of reinforcement bars rows,
where the stresses do not reach the yield strength;
k — the number of reinforcement bars rows, where the
stresses reach the yield strength.

After substitution (17) into the first equation of equi-
librium (23) a formula for the direct determination of
the neutral axis depth is obtained

k
sy Es 2o Aydy
=

x=—B+{|B*+ b , (25)
cdP®
where
n k
gc(l)Es zAsi _fyd ZASj
_ i=1 = (26)
2fcdba)

Thus, in the same way as in the previous case, the
problem of determining the strength is reduced to
finding the maximum value of the bending moment
that can be perceived by the beam at the predefined
strains &) of the most compressed border of cross-
section from the second equation of equilibrium

n k
My =¢.0)E; Z(dz Ix=1)4; (di_lwx)-'_fyd ZAsj (dj —;(a)x). @7
i=1 =1

In this case, the iterative search should begin with
the value of strains &,y = #,£.1, where #,, is the limiting
deformation level of the most compressed fibre of the
concrete in [5], which corresponds to the destruction
of the element with the full use of the reinforcement
strength, that is, when reinforcement reaches the
stresses f,,. Increment deformation at each step is
Agc(l) = 0,18“,1.

Typically, with Ae.qy = 0,1¢,, results are obtained
with sufficient accuracy, but if it is necessary to im-
prove the accuracy of the calculation, smaller values
for deformation growth at each step can be used.

The search should be carried out to the value of the
strains &), where the value of the bending moment
Mpy determined from (20) or (27), depending on the
calculation case, begins to decrease, thus, it is smaller
than in the previous step. The largest of the obtained
Mz, values determines the bearing capacity in the
normal section of the bending element with incom-
plete use of the reinforcement strength.

Conclusions

Thus, the application of fractional-rational depend-
ence for describing the process of deforming the con-
crete of the bending elements compressed area en-
abled to simplify and approximate significantly to the
engineering solution the problem of the elements bear-
ing capacity determining with incomplete use of the
tensile reinforcement strength.
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Recently, the issues of evaluating the quality of building structures and predicting their reliability are becoming increasingly
important, especially for the construction of industrial facilities of the old fund. Powerful mathematical methods are being
developed to evaluate the performance of structures and predict their reliability, but there are no automated computer systems
for such analysis. At present, programs for the determined calculation of structures have been developed, which implement
methods for the resistance of materials, theoretical and construction mechanics, but they do not provide an opportunity to de-
termine and predict reliability, especially objects of the old fund. The methods of the classical reliability theory combined
with the methods of statistical modeling are used in the work, which requires the use of modern IT technologies methods
with the development of appropriate software systems.
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Po3paxyHok OyaiBeJIbHUX KOHCTPYKILii
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' TonraBchkuii HarlioHATBHMIT TeXHIYHMH yHiBepcuTeT iMeni FOpis Konnpatioka
? IonraBchKuil HALiOHANBHIIT TeXHIYHMIT yHiBepcuTeT imMeni FOpis Korgparioka
3 [onTaBebKuil HALIOHANBHII TexHi4Hui yHiBepenTeT iMeHi FOpis KonnpaTioka
* HauanpHuk BupoGHIYO-TexHi4HOTO Bigminy T3/IB «[lonraBTpancoym»
* Anpeca juis tuctyBanHs E-mail: shbm@ukr.net

OcraHHIM 9acOM IMHUTaHHS OLIHKH SKOCTI OyAIBeIbHUX KOHCTPYKIIiH 1 MPOTHO3YBAaHHS X HaXiHHOCTI CTAlOTh BCE OUIBIT aKTy-
IBHAMH, 0COOJMBO ISl OyIIBHUITBA IIPOMHUCIIOBUX 00'€KTIB cTaporo GoHIy. Po3poOIsioTsest MOoTyKHI MaTeMaTHdHi MeTo-
I JUISL OLIIHKY €KCIDTyaTaliifHNX XapaKTepPUCTUK KOHCTPYKIIiH i MPOrHO3yBaHHS iX HaJIHHOCTI, ajle HeMae aBTOMAaTH30BaHUX
KOMI'IOTEPHUX CHCTEM JUlsl TaKoro aHamizy. Ha maHuii uac po3poOiieHi IporpaMu Juisi IeTaIbHOTO PO3PaxyHKy KOHCTPYKIIii,
B SIKMX peali3oBaHi METOIH ONOpPY MaTepiaiiB, TEOPETHYHOI Ta OyIiBeJIbHOI MEXaHIKH, aje BOHU HE Jal0Th MOXIJINBOCTI BH-
3HAYaTH 1 MPOTHO3YBAaTH HAAiHICTh, 0COOIMBO 00'ekTiB cTaporo ¢oHay. B po6GOTI BUKOPHUCTOBYIOTHCS METOAM KJIACHYHOT
Teopil HamiHHOCTI B MOEJHAHHI 3 METOJAMH CTaTHCTHYHOIO MOJCITIOBAHHS, 10 BUMAra€ BUKOPHCTAHHS Cy4acHHX METOJIB
IT-TexHOMOTIH# 3 pO3pOOKOIO BIAMIOBIAHIUX MIPOTrpaMHUX cucTeM. HaBeneno ocob6mmuBocTi Mozieni Ta aroputMivHa 6a3a 3amgadi
TIPOTHO3YBAaHHS MIITHOCTI Ta HaJiifHOCTi OyAiBEIILHNX KOHCTPYKILiH. BHKOHAHO HEKOMIIO3UIIIIO Ta MOAYIbHE IIPECTaBICHHS
TIPOTpaMHOi CHCTEMH PO3paxyHKy KOHCTPYKIiH. Y pakypci 3aadi OI[iHIOBaHHS HAIPY>KCHO-Ae(OPMOBAHOTO CTaHy KOHCTPY-
KIiit po3pobieHe mporpaMHe 3a0e3NeueH s y BUIILII ApaiiBepa MPOMIMBKY JUIsl €JIEKTPOHHO-KOMIT FOTEPHOTO MIPUCTPOIO Ja-
60paTOpHOTO OOCTEKEHHS EIEMEHTIB KOHCTPYKIIiii, 1110 /a€ 3MOTy BH3HAYaTH CTaH aBapiifHOCTI eIEMEHTIB KOHCTPYKIIH Ta
OTPHMYBATH YUCIIOBI 3HAUCHHS (PAKTHYHO JIIFOYMX HABAaHTa)KCHb Ha KOHCTPYKLIT Ta iX enemenTu. I[TokazaHo ocobnmBocTi no-
€JHAHHS OKPEMHX YTWJIIT BU3HAUCHHS NapaMeTpiB HaJHHOCTI 3 METOIO NPOTHO3YBaHHS POOOTH KOHCTPYKIIH Pi3HUX THIIIB,
SIKi MOXKYTh HIPALIOBATH y aBapiiiHOMY Ta MepeaaBapiiHOMy CTaHaXx.

Kiar04oBi ci10Ba: KOHCTPYKIIis, HAIHHICTh, ABTOMATH30BaHi KOMITIOTEPHI CHCTEMH, IPOTPAMHHI KOMIUIEKC, HAIPYKEHO-
e OpMOBaHUIA CTaH.
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Introduction

Nowadays, there is an urgent problem of many ob-
jects with conditions appointment reconstruction. Un-
der a large number of abandoned buildings, there is an
urgent need to evaluate the current quality of struc-
tures of these objects in order to predict their strength
and reliability, as well as in the development of engi-
neering recommendations for their further exploita-
tion. In order to assess the quality and predict the reli-
ability of such objects, there must be a clear idea of
structures current state, their ruin degree, the materials
used in the construction, and the type of activity
planned after the reconstruction [9].

Review of research sources and publications

One of the most powerful modern methods of calcu-
lating complex building constructions is the finite
element method, which involves the overlay on the fi-
nite-element grid construction, that is, structure de-
composition into elements within each, other known
as functions of displacements and stresses [1-7].

The finite element method also involves a system of
linear algebraic equations formation and solution, the
order of which is caused by the number of unknown
nodal displacements.

In this case, such concepts as the freedom of the
node finite-element grid degree, considered as the vec-
tor of external loads, the supporting reactions vector.
Another important factor that causes a real stressful
condition is the rigidity of the structure cross section
to the bend, shear and stretch. The above features of
the calculation of such structures for predicting their
strength and reliability determine the constant need to
use the capacities of modern PCs, which in turn re-
quires automation of settlement processes in the form
of complete software complexes and systems [11-13].

Definition of unsolved aspects of the problem

The stress-strain state analysis of structures, build-
ings and structures is an integral part of the design
process, the quality assessment and prediction of reli-
ability in construction. Structural mechanics classifies
two types of constructions in the context of the kine-
matic analysis, in particular by dividing the statically
distinguishable and statically obscure hinged-rod sys-
tems. Calculation of the first one does not cause par-
ticular problems for engineers, but the second type
systems calculation can cause considerable difficul-
ties. It occurs to the necessity of compiling and solv-
ing, in addition to the static equilibrium basic equa-
tions of so-called additional equations of deformations
or displacements compatibility.

Problem statement

Considering the necessity of the abandoned build-
ings reconstruction for bringing them into line with
the planned activities, the assessment of their residual
bearing capacity, real quality at the time of evaluation
and reliability prediction during further possible ex-
ploitation becomes extremely [8, 10]. Under such
terms, the actual issue is a detailed study of the struc-

ture’s quality and their reliability pre-diction in possi-
ble further exploitation.

Basic material and results

According to the Poltava National Technical Yuri
Kondratyuk University Department of Structural and
Theoretical Mechanics several software tools that im-
plement interrelated tasks for assessing the strength
and building structures and their elements reliability
were developed [8, 10].

The decomposition principle has been used as a sci-
entific method, which uses the structure of the prob-
lem for development and enables to replace the solu-
tion of one large reliability task assessing of structures
by solving a series of smaller ones in the volume of
interconnected tasks.

Thus, decomposition as a separation process enables
to consider the complex system of the software com-
plex as consisting interrelated separate subsystems
which, in turn, can also be divided into parts, in par-
ticular, part of the simulation factors, a part of the de-
terministic calculation and a part of the probabilistic
construction calculation.

The output system of the developed software com-
plex consisting of the four modules described above is
located at zero level. After its division, the first level
subsystems are released. This is a subsystem for de-
scribing the modules of deterministic various calcula-
tions constructions.

Among the main types of constructions, the calcula-
tion of which is realized in the utility software form
are such as beam structures, reinforced beams with
sprengel, frame structures, frames, arched construc-
tions, etc. For such types of structures, solved evalua-
tion tasks of the stress-strain state main components,
based on which the parameters of the construction’s
reliability are evaluated as the characteristics of fail-
ure-free operation. These subsystems division and
some of the other lead to the subsystem’s appearance
of the second level.

Software formulas of random number generator are
used to calculate stochastic factors such as wind and
snow load, steel constructions corrosion and toler-
ances of rolled various types of cross sections, crane
loads in industrial shops, temperature fluctuations as
well as material strength and precision of structures
construction. Models are developed on the basis of
mathematical interpretation, in which the description
of the main dependencies is carried out on the equa-
tions of building engineering, in particular under the
Hooke law, the Zhuravsky formula, the Moor formula,
used the general principles of finite elements method,
as well as methods of numerical integration and func-
tions approximation.

The software package is represented by a structure
that links the levels with the mandatory elements of
the structure with the levels of variations of all or part
of these elements. Depicted the hierarchical structure
is in the form of a tree, that is, a graph without closed
routes, with the arrangement of vertices at certain lev-
els. The upper level top is the root. The levels combi-
nation and their number are determined by the re-
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quirements of the visibility and ease of received hier-
archical structure perception.

As for the subsystems lower elementary level we
have taken such a subsystem where the understanding
of their nature and description is available to the ex-
ecutor, in our case, the developer. Hence, the hierar-
chical structure for the program is subjectively ori-
ented, but for our system it is quite definite.

Here is an activity diagram description for the de-
veloped software complex to explain its logical struc-
ture and to describe its physical implementation. As a
graphical software system main functions representa-
tion, a diagram of usage options, namely the activity
diagram, is adopted that explains how these features
are used.

Thus, in accordance with the activity diagram, the
initial activity node "activity initial node" describes
the construction design study beginning, that is, labo-
ratory studies conducted to identify imperfections or
damage.

For example, for trusses elements characteristic it is
the presence of only longitudinal types of internal ef-
forts, while in the real situation, other types of efforts
can be recorded, indicating the accidental operation of
the structural element. In this work a description of the
utility definition of the structural elements for a farm
accident rate has been given.

In the case where the reliability analysis is per-
formed on the criterion of bearing capacity, the algo-
rithm of determination of the loads boundary value is
accordingly activated, which is further compared with
the actual load on the structure. In the case when the
reliability analysis is performed according to the reli-
ability criterion, the algorithm of the probabilistic cal-
culation of the design accordingly is activated.

Further, the send signal action occurs before the per-
formance check of the load bearing capacity or reli-
ability.

The result of the latter is the conclusion on the basis
of which a project for the reconstruction and rein-
forcement of building construction elements is being
developed or a design passport is issued for its further
exploitation. The complex activity diagram is termi-
nated by the activity end-node (terminal activity).

To automate the determination of possible emergency
work of structures and to obtain numerical data for
further numerical-iterative statistical modeling, the
task iss to develop an electronic system of digital fixa-
tion of deformations and computer control of labora-
tory researches of building constructions elements.

In the laboratory of Poltava National Technical Yuri
Kondratyuk University a developed tool for analyzing
the damage to the elements of the truss farm has been
applied.

For the task, a software utility was developed that
enables to determine, based on the evidence of defor-
mation sensors, whether the design is in a problem
condition. That is, it works in regular mode or it is
needed to be reconstructed and strengthened.

The utility algorithm is based on the basic notions of
material resistance, that is, from the sensors obtained
by deformation values, they pass to the values of nor-

mal stresses according to Hooke's law, after which
they decompose these stresses on the values of the
forces acting in the experimental section of the con-
struction.

The decomposition procedure is based on the
method of least squares, which has shown itself well
in such tasks.

As it is known, the essence of this method is to
minimize the squares sum of deviations between ex-
perimental data and data based on theoretical depend-
ence.

The basis of the formula is the centrifugal compres-
sion of the material resistance:

N Mx My
O=0yN+0y +0y, :g+—x+—

1
o Jyy (1)

where N — longitudinal effort,

Mx, My — the desired bending moments relative to the
x and y axes,

A — sectional area of the structure,

Jx, Jy — the moments of inertia of the cross section
with respect to the x and y axes.

Figures 1-5 show the form of a software utility for
entering the geometric characteristics of the section
and the main form of the program.

As can be seen, this formula considers the off-center
compression of the cross-section of the design in two
directions - relative to the x-axis and with respect to
the y-axis.

Thus, knowing the normal stress at the cross-section
can be subjected to the equation and considering the
value of the section's geometry and the sensor's bind-
ing relative to the center of gravity of the section, de-
termine the components of the equation - the longitu-
dinal force and the bending moments relative to the
two axes x and y.

Several sensors can be installed in the cross section
to improve the accuracy of such calculations, each of
which can produce results with different accuracy.
Hence, the use of the least square’s method is fairly
rational and appropriate in view of one of the impor-
tant properties, in particular the fact that this method
tends to mitigate possible errors and inaccuracies in
experimental research.

The method of least squares for the considered prob-
lem involves the formation of a system of three equa-
tions, which solves the coefficients a, b, c.
The indicated coefficients represent the relation of the
desired force factors to the known geometric charac-
teristics of the cross section

a:ﬁ[kzv/mz];
A

b:%[kN-m/m“]; Q)
Jx

a:ﬂ[kzv-m/m“].
Jy

As you know, the function of several arguments will
have an extremum if the derivatives behind each vari-
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able are zero, so we can write down the system of
equations of the least squares method for our task

n-a+b-Zn:yi+c~zn:xi=Zn:o;.
. l:l tzln i=1 .
a~2xi+b~2xiyi+c~2xi2=ZO'l.xl. . 3)
i=1 i=1 i=1 i=1
In ln nl l”
a'zyi +b'zyi2 +C'zxiyi =zo-iyi
i=1 i=1 i=1 i=1

Thus, it is possible to determine how the section of
the construction works not in a project mode, which
affects the probability of exhaustion of the bearing ca-
pacity of the section and the structure in general and,
as a consequence, the reliability of further exploita-
tion.

On the basis of the above mathematical substantia-
tion of the estimation of the accident rate of building
constructions elements in a laboratory a special elec-
tronic-computer device was developed, the indicators
of which determine the non-project work state, which
is the emergency state.

The main physical devices of the developed system
include the following: a system of glued in character-
istic points of cross sections for the tensonometric
sensors construction, a system of servo-devices for
controlling the laboratory load on a construction, an
analog-digital converter and an operational amplifier.
The results of deformation measurements are used to
obtain the values of internal forces that act in the sec-
tions of structural elements.

The obtained values of internal efforts give the inves-
tigator-engineer an accurate picture of the stress-strain
main components distribution in the sections of struc-
tural elements, on the basis of which the influence of
various factors may be modeled in the future.

The following is a description of the software utility
for conducting such laboratory studies.

In the design research lab, a developed utility for
working with various types of constructions was in-
troduced.

This construction cross-section is a compiled section
of the two rolled steel cubes profiles, each of which
has three sensors at characteristic points, which guar-
antees the coverage of the entire cross-section and the
results objectivity.

The advantages of the developed digital system are
the possibility of automation of deformation detection
in a large number of cross sections structures control
with high frequency and with great accuracy.

To do this, the authors have developed an electronic
device based on the microprocessor ATmega328,
which has been developed on the Arduino Uno/Mega
processor board.

This processor is a fairly common device in cases
where it is necessary to combine analog and digital
devices with modern computer systems, in our case -
digital sensors of deformations with a PC.

Also, for this processor it is characterized the possi-
bility of automating the various technological proc-
esses management, in our case — the control of servo-

devices for switching-on / off the pump motors of the
test loads station, depending on the degree of fixed de-
formations of the laboratory structure.

In laboratory for testing building constructions, an
electronic device with software in the form of drivers
for firmware microprocessor ATmega328 based on
Arduino Uno/Mega has been developed and tested.

For example, here are some screenshots of the forms
of utility interaction with a user for assessing the de-
gree of the truss rods damage.

- - —
Description of the geometry of the compiled section
' cr

P

Geometric
characteristics
2 of the composite section

A= [BIEE o’

Figure 1 — Modal form for describing
geometric cross section of structures

ﬁ Sensor: tension and coordinates =

Sensor # 1

& Enable
i g%  Disable

Tension |8.20 kN/em®

X coordinate |0.71 cm
Y coordinate |-3.27 cm

Figure 2 — Modal form for the control of
the selected deformation sensor and fixed
voltage by electronic-digital device

Section scheme
@ v Sensor#
v Xcoordinate

Xs, (V]| Yeoondinate

Il

Figure 3 — Section scheme properties
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Figure 4 — Sensors data — X, Y and tension data

Conclusions

The program algorithm realization peculiarities,
which considered various factors of the actual work of
structures and determined their stress-strain state have
been presented. Software has been developed as a
firmware driver for electronic structural elements of
computer device laboratory testing, which enables to

Figure 5 — The electronic computer system
form for the sensors processing
of structural deformation

determine the state of structural elements emergency
and obtain numerical values of actual loadings on
structures and their elements. The separate utilities
combination features have been presented for reliabil-
ity parameters determination in order to predict the
work of various structures types that can work in
emergency and pre-crash states.
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Application boundaries of the truss analogy and disk model methods to the strength calculation of reinforced concrete flex-
ural elements inclined sections are established. Areas of structures failure by virtual compressed element (inclined strip) and
compressed zone over dangerous inclined crack under the shear force are determined. The criterion of minimum limit force,
which is perceived by the elements, is applied. Influence of concrete class, relative shear span and transverse reinforcement
intensity on elements strength based on variational method in plasticity theory is specified. The data concerning the values of
the transverse reinforcement coefficient at the boundaries of the failure from shear within the inclined strip and compressed
zone over the dangerous crack are obtained.
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Y10CKOHATIEHA METOAMKA PO3PAXYHKY MIITHOCTI
3aJ1i300€TOHHUX €JIEMEHTIB 32 MOXWJINMH Nepepizamu

JloBKeHKO 0.0."*, IMorpioHuii B.B.”, MaawsoBana 0.0.°, Kapa6am JL.B.

23 [TonraBcbKuit Hal[iOHABHAN TeXHIYHMH yHiBepcuTeT iMeni FOpist Konnparioka
* IMonraBchKMii HAYKOBO-IOCIIIHIIT eKCIIepTHO-KpUMiHamicTHaHuil nerTp MBC Ykpainu
*Anpeca g muctyBanHsa E-mail: 0.0.dovzhenko@gmail.com

BceranoBneni Mexi 3acToCyBaHHS MeTOAIB (pepMOBOi aHAJIOTIi Ta JUCKOBOI MOJENI I PO3paxyHKY MIIHOCTI 3a HOXMIMMHI
nepepizaMmu 3a1i300€TOHHUX €JIEMEHTIB, 110 3rHHAIOTHCs. Bu3HadyeHi obnacTi peatizawii pyiiHyBaHHS 3a1i300€TOHHHX KOHC-
TPYKLIiH 32 yMOBHUM CTHCHYTHM €JIEMEHTOM (TIOXHJIOI0 CMYT'OI0) Ha Ji0 MOIEPEYHOI CHJIM Ta CTHCHYTOIO 30HOIO HAJ( He-
0€3MeYHOI0 MOXMIOK TPILIMHOI HAa OCHOBI 3aCTOCYBAaHHSM KPHTEPil0 MiHIMyMy IPaHHYHOTO 3YCHIUIA, IO CHPHUHMAETHCS
eneMeHTaMu. Po3paxyHKOBI 3a1€XKHOCTI pUBEeH] 10 €auHOi ocHoBH. OTpUMaHi AaHi 11010 3HaYeHb KoedillieHTa momnepey-
HOTO apMyBaHHS €IEMEHTIB Ha MeXI1 pyHHYBaHHS BiJ] 3pi3y IIOXHMJIOI CMYTH Ta CTHCHYTOI 30HM HajJ HEOE3NEeUHOIO TPINHOIO.
YTOYHEHO BIUIMB Kilacy OETOHY, BIIHOCHOTO IPOJILOTY 3pi3y Ta IHTEHCHBHOCTI IONEPEIHOTO apMyBaHHS Ha MIIHICTE eJe-
MEHTIB, IO MiATBEP/UKYETHCS EKCHEPHMEHTATBHIMH JOCTIDKEHHSIMH. [ IHTerpansHOro OLiHIOBaHHS (DaKTOpIB BIUIMBY
PO3TISIHYTO 3a/jady MIIHOCTI HOXWJIOI MPU3MH, 3aBaHTAKEHOI Ha TOPIAX CTHCHYTOIO HOPMAJBHOIO Ta JOTHYHOIO CHIIAMH.
BeroH po3risaaeTses K KOPCTKO-IIacTuuHe Tino. Jlokamizaris miactudaol qedopmaltii B TOHKHX IIapax Ha MOBEPXHi pyii-
HYBaHHI € XapaKTepHOIO [UIsl TPAaHHYHOTO CTaHy OCTOHY MpH 3pi3i. AHaJi3 OTPUMAHUX BapialliiHUI METOIOM Y Teopii Iuac-
THYHOCTI PE3yJIbTaTiB JIO3BOJIE BHECTH OOIPYHTOBAHI 3MIHM 10 BH3HA4YEHHS MIIHOCTI CTUCHYTOTO MOXWJIOTO €JIEMEHTA.
VYTouHEeHa METOIUKA PO3PAXyHKY MIIL[HOCTI 3a1i300€TOHHMX KOHCTPYKILIH 3a MOXMIMMH IepepizaMy Ha [if0 OIepedHol CH-
T TO3BOJISIE OTPUMATH OUTBII epeKTHBHI KOHCTPYKTHBHI pimreHHs. /st iIlKEeHepHUX pO3paxyHKiB MIITHOCTI 3aIpOIOHOBaHA
3aJIEXKHICTh II0JI0 BU3HAYCHHS KoedilieHTa MOIEPedyHOro apMyBaHHS AUITHOK KOHCTPYKIH OLIs omop, SIKMH BiIIIOBiTae
MEXI PO3MIIIHYTHX BUIAAKIB PyHHYBaHHS 32 IOXIJIMM €JIEMEHTOM Ta CTUCHYTOIO 30HOIO HaJl HEOE3MEeYHOIO MOXMIO Tpi-
IIMHOIO. BCTaHOBIICHA NEPCIIEKTUBHICTS 3aCTOCYBAHHS TEOpil INTACTUYHOCTI JUIS BIOCKOHAJICHHS KOHCTPYKTHBHHX pillleHb
3rUHAJBHUX 3113006 TOHHNX €IEMEHTIB Ha OCHOBI MOAANIBIION0 YTOYHEHI MIIIHOCTI HOXHMJIOTO eJIeMEHTa K CKJIaqoBoi dep-
MOBOI aHaJIOTii, CTHCHYTOI 30HU HaJ] HeOe3MeUHOIO TPILIMHOIO i CHCTEMHOTO JOCIIHKEHHS 3pi3y.

KorouoBi ciioBa: hepmoBa aHasoris, IUCKOBa MOJEIb, MeXa peaisamii BUIaAKiB pyHHyBaHHS, MiHIMaJIbHE 3HAUCHHS T'pa-
HUYHHX 3yCHJIb, KOS(ILIEHT HONEPETHOTO apMyBaHHI
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Introduction

Flexural reinforced concrete structures are wide-
spread in practice and largely determine the construc-
tion cost. One way to optimize their design solutions
is to improve calculation methods. At the same time
an important place is occupied by the strength of the
structures sections near the supports, which destruc-
tion on inclined sections has externally fragile ava-
lanche character.

The theory of calculating the inclined sections
strength, as well as the general theory of calculating
reinforced concrete, has undergone several well-
known development stages: «classical» theory, which
used the basics of materials strength and considered
the second stage of stress-strain state, in which the
calculation was carried out at the main tensile stresses;
the stage of calculating the elements by the destruction
stage based on the truss analogy and the disk model;
ideas deepening period about the stress-strain state of
elements in the inclined cracks area.

The «classical» theory did not enable to consider the
specific behavior of reinforced concrete elements in
the stage of destruction. Thus, in the presence of
transverse reinforcement, the actual value of the fail-
ure load exceeded the theoretical value considerably,
and in its absence the calculation significantly under-
estimated the strength. The proposed later truss anal-
ogy considers reinforced concrete structures as trusses.
They are divided into two chords — compressed one
and tensile one with a constant arm of internal couple
of forces along the element length, connected by an
open gating of tensile braces of transverse reinforce-
ment and compressed virtual concrete braces. The cal-
culations provided full perception by reinforcement of
the tensile force and by compressed force concrete.
Based on the disk model, two schemes for the destruc-
tion of an inclined section were considered — under the
bending moment and shear force action. Each scheme
was described by one equilibrium equation of internal
efforts and external forces. The efforts were consid-
ered to be perceived by concrete over dangerous crack
and transverse reinforcement or pitch reinforcement.
The method of limit equilibrium in inclined sections
was the basis of the previous norms and remained
normative for a long time.

During the period of in-depth research, the truss
analogy method and the disk model were improved;
the influence of the determining factors was specified.
[1-12].

Review of research sources and publications

After enforcement of the normative documents
DBN B.2.6-58:2009 [13] and DSTU B B.2.6.156:
2010 [14], the truss analogy is taken as a principle for
calculation. Meanwhile, numerous experimental stud-
ies have shown the compressed inclined strip failure —
the truss analogy element, as well as a concrete shear
in a compressed zone over a dangerous inclined crack
[1, 2, 7-10]. It should be noted that the virtual com-
pressed element is crossed by transverse reinforce-
ment that increases its strength, which decreases with
decreasing inclination angle of the strip [13, 14]. Con-

cerning the elements strength by shear of the com-
pressed zone concrete, it should be noted that it is de-
fined as the sum of the forces perceived by the com-
pressed zone concrete and the transverse reinforce-
ment that crosses the inclined crack [15]. With the
relative shear span increase, the component of the
shear effort perceived by concrete decreases. For the
realization of a particular failure case, the transverse
reinforcement intensity of arears near supports is cru-
cial [7, 10].

Not solved earlier parts of the general problem
are the demarcation of the above-mentioned cases of
reinforced concrete elements destruction and the in-
fluences justified clarification of the determining
strength factors: concrete strength, relative shear span,
the transverse reinforcement intensity.

Objective of the work and research methods

It is determination of application areas of the truss
analogy and disk model methods to the reinforced
concrete elements strength calculation on inclined sec-
tions using the upper estimation of the efforts level
and the variation method in the theory of plasticity.

Basic material and results

According to the current norms [13, 14], the force
value Vg, ;, which is perceived by the reinforced con-
crete element in the inclined section, is taken as
smaller value between the values perceived by the
concrete Vg4 and the transverse reinforcement ¥z,

For using qualities of concrete and reinforcement
full-scale while designing reinforced concrete flexural
structures it is advisable to apply the equation

VRd,max = VRd,s s (D

0.6 f,.4b,,z
cot@+tan@’
here f., — design value of concrete compressive
strength, b,, — the element cross-section width, z — arm
of internal couple of forces, 6 — the the virtual com-
pressed element inclination angle, A, — the cross-
section area of shear reinforcement, s — step of shear
reinforcement, f;,,; — design yield of shear reinforce-
ment.

When Vegs > Viamax the transverse reinforcement is
not effectively used and exceeding by the coefficient

A
where VRd,max = Rd,s = %nywd cotd,

. A, .
of reinforcement p,, = bﬂ the value that is equal to
W

_ VRd,max
Sywabwzcotd ’

P )
leads to reinforcement overrun.

In the case of a significant decrease in the transverse
reinforcement intensity, which is characteristic for the
structures designed in accordance with [15], or which
have corrosive damage, the elements strength esti-
mated according to [14] in the inclined sections is
found to be much lower than that established experi-
mentally [7, 10, 11]. It should be taken into considera-
tion that the destruction of the areas near the supports

76 Academic Journal. Series: Industrial Machine Building, Civil Engineering. — 1 (52) 2019.




occurs by shearing concrete in the most intense area
within the compressed inclined element. The trans-
verse reinforcement crosses this element along its en-
tire length, that is, the tensile brace passes through the
compressed brace and reinforces it.

Therefore, when establishing the application areas of
the truss analogy method, the inclined compressed
element strength (Vg ,ue) must be compared with the
strength (Vzg4») determined by the disk model using
the limit equilibrium conditions over the entire inter-
val of inclination angles # proposed in [14]. Thus, by
0= 45°VRramax is almost equal to the force given in [15]
in an inclined concrete strip by the shear force action.

In the interval of 1 <cos 8<2.5 for the calculated
value of the shear force should be taken smaller from
the values Vigmax and Viggo.

Shear form of destruction is characterized for con-
crete and reinforced concrete elements by action of the
shear forces [16, 17]. It is also implemented within an
inclined strip and a compressed zone over a dangerous
inclined crack [18, 19].

For comparative analysis the disk model depend-
ences [15] are corrected to the parameters used in [14]
and take the form:

VRd,Z = Vc + sz P (3)

here V4, — shear effort perceived by the element in
an inclined section, V. and ¥, — efforts perceived by
concrete and transverse reinforcement accordingly
(fig. 1); and these components of equation (3) are
equal

V. = 2fctd bWZ :

c=TT 5 4
o’ 4)

2f, z
Vew = dswCo = dsw —ad - > ®)
pwfywd n

where f;,, — design value of axial tensile strength of
concrete, ¢=1.5zcotd — the inclined section projec-
tion length on the element longitudinal axis is as-
sumed to be equal to the distance from the support to

2f...b
the concentrated force F or ¢ = }ME
q n

form distributed load g, ¢,, = f},4,, /s — effort in

by uni-

the reinforcement per unit length of the element, coef-
ficient 7=z/d (according to [14] is equal to 0,9, here
d — the effective height of the cross-section of the
element).

In this case, the calculation provides for the fulfill-
ment of conditions: z/n <c,<2z/n andc, <c.

The transverse reinforcement coefficient, which cor-
responds to the application boundary of calculation
methods by truss analogy and disk model, is deter-
mined by the condition Vg1 =Vg45 .

The values of p, by the class of reinforcement
A400C and the corresponding value of cot § are given
in the table 1.

The dependence Vi, = min (Vg4 1, Vrza2) on cotd and
concrete class are given in fig. 2.

SLS|s|s|slsLs HVC -
/’/// T
’/’ ..-{\‘m'd‘{m

Vs

Figure 1 — Scheme of calculated forces on the shear
force action on an inclined crack

By the value of cot 0, which exceeds that specified
in table 1, the calculation of the shear force strength is
made by the formula (3), and otherwise — by the truss
analogy.

Table 1 — The values of the relative ultimate

V
effort Rd

, cot § and p,, at the boundaries
cd%w

of the failure cases at the inclined strip and the
compressed zone over the dangerous crack

v
Classof | _“Rd_ cot 6 Py x10°
concrete Seabwz
C8/10 0.249 1.87 2.53
C16/20 0.272 1.57 6.29
C25/30 0.275 1.53 9.73
C32/40 0.277 1.49 12.9
C40/45 0.279 1,47 16.5
C50/60 0.279 1.47 19.8
Vaa
f;dbwz
03
0.25
QP//o
0.2
Qg%b
\%
0.15
1 1.5 2 2.5 cotf

Figure 2 — The dependence of relative transverse
shear effort Vy,/(f..b,z) on cot
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It should be noted that the compressed inclined strip Table 2 — The value of the relative ultimate effort
strength, as a truss analogy virtual element, is influ- Ve
enced by the vertical or pitch reinforcement that m
crosses the strip. It increases its strength so much the ‘
greater projection strip length on the element longitu-

by shear of the compressed zone over

the inclined crack

dinal axis is the smaller the inclination angle to the Via
horizontal @ is. The quantitative parameters of this in- <103 fob oz at cot 6
fluence are obtained from the strength problem solu- Pw : ‘ ICZ W | 5 33

tion of an inclined prism loaded by normal N and tan-

gent T forces applied at the end surfaces of the prism Concrete class C8/10

as shear force components. The concrete prism col-

; i 1 0.225 0.205 0.181 0.173
lapses from shear at the surface of plastic deformation

localization at an angle y to the lateral faces. The rein- 2 0.298 0.25 0.225 0.211
forcement effect is considered by applying the forces 3 0.333 0.284 0.26 0.245
g, in the reinforcement per unit length of the prism 4 0.381 0.332 0.308 0.293

lateral faces (ﬁg. 3), whlchilevel is dptermmed by data Concrete class C16/20

[20, 21], experimental studies materials [1, 2, 10] con-

sidering the ratio of reinforcement and concrete mod- 6 0.308 0.266 0.246 0.233
ules and the reinforcement location (the angle of its 7 0.338 0.297 0.276 0.264
prism intersection). 8 0369 | 0327 | 0307 | 0.294

7 F Concrete class C25/30

L.

FTTTTITTTYITITITITT TTTTTTITT] 8 0282 | 0243 | 0224 | 0212
s N 0.302 0.264 0.244 0.233
7 10 0.323 0.284 0.265 0.253
zld L 11 0.344 0.305 0.286 0.274
P 12 0.365 0.326 0.306 0.295

Concrete class C32/40
12 0.297 0.262 0.244 0.234
Figure 3 — The design scheme of the inclined prism 14 0.329 0.294 0.276 0.266

The plasticity theory is successfully used to solve 16 0.361 0.326 0.308 0.298

the shear strength problems [22, 23]. Determination of Concrete class C40/50
the ultimate force perceived by the prism is carried out 16 0.304 0.271 0.255 0.245
by a variational method using the virtual velocities 18 033 0.297 0.28 027

principle [24, 25]. Discontinuous solutions of the

prism strength problem are obtained. In this case, con- 20 0.356 0.322 0.305 0.296

crete is considered as a rigid-plastic body [26, 27]. As Concrete class C50/60

a plastic potential, the concrete strength condition is 16 0.27 0.237 0.22 0211
accepted [28]. The concrete prism strength decreases 18 0292 0258 0242 0232
with decreasing angle of inclination #, which is a con-

sequence of the tangent component action 7 of the 20 0.313 0.28 0.263 0.253
shear force. This decrease is offset by the transverse 22 0.334 0.301 0.284 0.274
reinforcement effect mentioned above. Thus, the shear 24 0.356 0322 0.306 0.296

force, which is perceived by a virtual compressed in-
clined element at an interval 1<cotfd <2.5, is pro-

. Table 3 — The value of the transverse
posed to be determined by the formula

reinforcement coefficient p,, at the boundaries
% —03f bz 6 of the destruction on the inclined strip and
Rd.max Jeabu © the compressed zone over the dangerous crack

Meanwhile, the ultimate load value by shear of the o <10° at cot O
compressed zone over the dangerous inclined crack
o . 1 1,5 2 2,5
depends significantly on the transverse reinforcement
intensity and the relative shear span (table 2). 2.04 3.45 3.87 4.12
The values of the transverse reinforcement coeffi- 5.75 7.1 7.78 8.18
cient at the boundaries of failure cases are given in ta- 3 88 10.8 11.7 12.2
ble 3.
For better visualization, the strength calculation re- 122 14.4 182 21.9
sults are presented in fig. 4. 15.7 18.2 19.5 209
18.8 21.9 23.5 14.4
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Figure 4 — Dependence of relative shear effort
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To select the calculation method for the reinforced
concrete element on the inclined sections for the shear
force action when solving the problem of checking the
strength (for the given concrete classes and reinforce-
ment, the rectangular cross-section dimensions, the
percentage of the transverse reinforcement p,,, the pa-
rameter z and the compressive element inclination an-
gle &) the ultimate value of the transverse reinforce-
ment coefficient is established

_(1=257) _Z'SZ)ﬁcota 0 @)

R
" 5% fowa

Sera
cd
If p,, <p,r the force Vp, is equal to the sum of the

where y = ,a=y(1+75y).

forces in the compressed zone concrete ¥, and in the
transverse reinforcement V', , which are calculated by

formulas (4 and 5) and determine the element strength
by the inclined crack in the force action Vg, .

In this case, if Vg; >V, +V,, the flexural element

failure occurs by shearing the compressed zone con-
crete and achieving stresses in the transverse rein-
forcement, which crosses the inclined crack, the yield
strength 4;= 54D ,0n.

If p,>p,g — the force Vp,;is equal to Vpy max

which is calculated by the formula (6) and determines
the  inclined element  strength  (providing
Ved >Vea max the element destruction occurs from

the shear within the inclined strip.

Further improvement of flexural reinforced concrete
elements structural decisions and structures creation of
equal strength by inclined and normal sections are
largely connected with increase of calculation accu-
racy of their strength on inclined sections based on the
systematic shear study as a destruction form and con-
sidering the influence of all the determining factors.

Conclusions

1. Analysis of reinforced concrete elements experi-
mental data and results of strength calculations on in-
clined sections necessitates the improvement of their
calculation method.

2. The boundary of elements failure cases realization
from concrete shear is established within the inclined
strip and the compressed zone over the dangerous
crack.

3. Based on the inclined prism shear problem solu-
tion by variation method in the plasticity theory, the
influence of concrete class, relative shear span and re-
inforcement intensity are specified.

4. Areas of truss analogy method application and a
disk model are determined and the method of calculat-
ing the reinforced concrete elements strength on in-
clined sections is improved.

5. For engineering calculation, the dependence of the
transverse reinforcement coefficient p,r at the ele-
ments destruction boundaries along the inclined strip
and the compressed zone over the dangerous crack on
the strength characteristics f ¢4, f ca» f ywa and the in-
clination angle 6 is proposed.
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The article presents the results of the experimental study of the peculiarities of the work under the calculation load of planar
superstructural plates of the developed system of non-beating overlap. Great attention is paid to the construction of bearing
structures prototype. The design of auxiliary equipment is described, which enabled to test the investigating U-block in con-
ditions that imitate real resistance. The method of performing experimental research with indication of methods and means of
measuring geometrical and physical parameters that characterize the stress-strain state and bearing capacity of the test plate is
given. The conducted investigations enabled to determine the nature of deformation and destruction of the superstructure
slabs as a separate element in the developed system of non-beating ceiling. Attention is drawn to the fact that the achieve-
ment of the bearing capacity is not accompanied by the process of destruction, but is characterized by significant movements
of the supporting plots in the vertical plane.

Keywords: displacement, bearing capacity, deformed state, experimental research, unbounded overlap

ExcnepuMeHTANBbHI T0CIIKEeHHS HAAKOJIOHHOI IJIUTH
30ipHOr0 0€302JIKOBOI0 NMEPEKPUTTH
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VY craTTi HaBEAEHO Pe3yJbTaTH CKCIEPUMEHTAIBHOTO JOCTIKEHHS 0cOOIMBOCTEH poOOTH MiJ PO3paxyHKOBHUM HaBaHTa-
JKEHHSAM IUIOCKMX HaJKOJIOHHHMX IUIUT po3po0ieHoi cucteMu 0e30akoBoro nepekpurts. IIpuiiaeHo BeNuKy yBary KOHC-
TPYIOBaHHIO JOCTIAHUX 3pa3KiB HeCydoi KOHCTPYKIii. OCOOMMBICTIO IUTUTH, LIO AOCIIMKYETHCS € CKOLICHI MaliIaH4YMK{
CIMPaHHS 0 30BHIUIHBOMY NEPUMETPY AJISI MIKKOJIOHHHMX Ta MPOJITHUX IUIUT. ONMHMCAaHO KOHCTPYKIIiIO JOMOMIKHOTO yCTaT-
KyBaHHS, SIKE I03BOJIMJIO BUNPOOOBYBATH JOCIIIKYBAJIbHY HaJKOJIOHHY IUIUTY B YMOBAX, IO IMITYIOTh pealbHE CIUPAHHS.
OmncaHO KOHCTPYKINIO Ta TEXHOJOTII0 BUTOTOBJIEHHS JIOZATKOBOTO YCTAaTKYBaHHS, IO IMiTaIlye CHHMPaHHSA HAJKOJIOHHOL
IUTUTH Ha KOJIOHHY Yy BHUIUIAI CTaJe3alli300€TOHHOTO CTaKaHy KBaJpaTHOTO IIepepidy. A TaKoX OIOpPHY KOHCTPYKIIS, IO
IMITy€e CIMpaHHS MIXXKOJIOHUX Ta MPOJITHUX IUUT. JlOCIiTHI KOHCTPYKIIT INTUTH i JOTMOMIDKHOTO YCTaTKyBaHHS BUTOTOBJICHO
Ha o0JlaHaHHI Ta B yMOBax JAII0YOTr0 3aBOXy 3aii300eToHHUX BHpoOiB. HaBeneHo MeTOANKY BHKOHAHHS €KCIEPHMEHTANb-
HUX JOCHI/PKEHb 13 BKa3yBaHHSAM METOMIB 1 3ac00iB BUMIPIOBAaHHS I'€OMETPHYHHX Ta (i3MYHUX MapaMeTpiB, L0 XapaKTepH-
3yIOTh Halpy>KeHO-Ae(GOPMOBAHUI CTaH Ta Hecydy 3AaTHICTH AochaiaHoi muTy. [IpoBeneni HociKeHHs Aajdu 3MOTY BCTa-
HOBUTH XapakTep AehOopMyBaHHS 1 pyHHYBaHHS HAJKOJOHHMX IUIHT K OKPEMOTO €JIEMEHTa Y po3pobiieHiil cuctemi 6e30an-
KOBOTO MEepeKpUTTs. AHali3 xapakrepy aehopMyBaHHS CBIIUHTH, 0 AedopMarii po3Tsary Ha BepXHiil rpaHi JOCTiIHOT K-
TH HapOCTAIOTh MIBHIMIE Hix AedopMarii cTucHeHHs (HIKHBOI rpaHi). [Ipu ipoMy BinOyBaeThesl 3SMEHIICHHS BEJIMIHHY CTH-
cKao4Hx aedopmariif 1o MicIs CIMpaHHsS JOCIIIHHUX 3pa3KiB Ha ONMOpHY pamy. Lle minTBeppKye NpHITYIeHHS Ipo Hnepena-
4y HaBaHTaXCHHS BiJ MDKKOJOHHHUX Ta IPOJITHUX IUTHT HAa HAJKOJOHHY 3a NMPUHIUIIOM <JTiHIIHOTO ImapHipy». 3BepHyTa
yBara Ha Te, 1[0 JOCSATHCHHS HeCy4oi 3AaTHOCTI HE CYIPOBOJUKYETHCS IIPOIIECOM PYIHYBAHHS, a XapaKTEPU3YETHCS CYyTTEBH-
MH MIEPEMILICHHAMH OTIOPHUX KOHCONBHUX JIUISHOK Y BEPTUKAIBHIH IUIOIINHI.

KnrouoBi cioBa: nepeminieHss, Hecy4a 34aTHICTh, 1e(OPMOBAaHUII CTaH, eKCIIEpUMEHTAIbHE AOCIIIKEHH, Oe30aKoBe me-
PEKPHUTTS
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Introduction

Modern tasks of construction development raise new
requirements for the production of building structures
and their modernization on the basis of scientific and
technological progress. The significant effect when in-
troducing new upgraded constructive solutions can be
achieved at the expense of the optimal combination of
physical and technical parameters of elements under
the scheme "design-material-technology". According
to this scheme, the main part of the economy is
formed, firstly, due to the wider use of the existing po-
tential of prefabricated reinforced concrete structures,
in particular the use of round-bottomed slabs, and sec-
ondly, the use of advanced steel reinforced concrete
structures that combine the advantages of steel and
concrete and enable to reduce structural height of the
frame elements.

At present, the bulky, non-skidding and non-rigid
overhead structures are widely used in construction.
Such constructive systems provide the possibility of
constructing buildings of arbitrary configuration in
terms of different volumetric-planning solutions. A
further step in the modification of prefabricated and
prefabricated monolithic frames of buildings and
structures is a combination of prefabricated round-
bottomed slabs, their modifications and a steel-loose-
binder non-white frame. The tasks are aimed at find-
ing rational parameters of such structures, studying
their durability and deformability, and implementing
the results in construction are feasible and relevant.

Review of research sources and publications

Along with existing types, new progressive struc-
tures from steel reinforced concrete have been devel-
oped, which enable to reduce costs during installation
of structures, to refuse the arrangement of shuttering
and additional racks and to increase the mounting
speed. Sufficiently widely considered are various sys-
tems of non-white floorings in work [1,7-8,10]. All of
them have advantages, but they are not defective ei-
ther. Material and labour costs for their installation are
significant.

The system of non-white roofing with modified
multi-hollow slabs [2-3,5-6] has been developed by
the authors. It is capable of providing optimum with
regard to the overall length and strength of the joints
of the plate layout and does not require large material
and labour costs for the installation and assembly of
joints between individual slabs. It is achieved by the
use of intercalary, interlayer and flying slabs in pre-
fabricated reinforced concrete bezel, with slabs around
the perimeter having slanted lateral faces forming a
platform for the adjacency of the adjacent slabs [4,9].
The general stiffness of the overlap is achieved by
welding between the mortar parts, which are provided
on all plates. For the implementation of the practice of
building such overlapping systems, the necessary pro-
posals for their design and, in particular, the calcula-
tion of the strength of individual elements and the
whole system as a whole.

Definition of unsolved aspects of the problem

At the moment, there is practically no data on the
work of individual boards as part of the unbroken
overlap. As a prototype, a full-size superstructure slab
of non-white floor was selected, which enabled to ob-
tain the most complete information about the object of
research.

Problem statemen

The purpose of conducting experimental research is
to establish a valid stress-strain state and determine
the bearing capacity of individual structural elements
of the developed flat non-white floor.

Basic material and results

To reveal the features of the superstructure plates
work under the influence of external load, a program
of their experimental research was developed (Fig. 1).
According to the adopted program of experimental re-
search, a series of prototypes was manufactured. For
samples, concrete structures and reinforcing rods were
used, which were in the presence of Svetlovodsk
ferro-concrete products factory. The thickness of the
previous samples of the plates is 220 mm. For precise
installation in the design position of samples, on their
surfaces were made special markings. Experimental
samples were filled with concrete of class C25 / 30 for
durability.

Designs of samples and technology of their manu-
facturing.

For the production of prototype superclone boards,
an individual formwork was made (Fig. 2).
The overall dimensions of the slab in the plan were
1200x1200 mm. In the middle of the slab there is a
hole with the dimensions of 410410 mm to allow for
its installation after the installation of the column.
This hole is framed by a "glass" of steel sheets in
thickness of 8 mm. On the contour of the plate there
are projections with slanted surfaces for the possibility
of interlocking and flying slabs on them.

Technique for conducting an experiment.

From each cup, concrete was cemented with 3 stan-
dard cubes and 3 standard prisms. Prisms and cubes
were made in metal collapsible formwork. For the
purpose of creating for prisms and cubes the same
conditions for concrete hardening in the test plates, the
deck was executed at the age of 28 days.

The method of conducting experimental research in-
cludes the production of additional equipment, a
choice of power equipment and measuring instru-
ments.
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Cubes 150x150x150

Smooth bars A240C

Prisms .
600x150x150 Reinforce bars A500C | |__Stripes 200x15 |
Concrete | | Reinforce steel | | Sheet steel |

Determination of physicomechanical characteristics of materials

DEFORMATION and CARRING CAPASITI HAJIKOJIOHHOI PLATE (ITHK)

Figure 1 — The program of experimental researches of the superconducting slabs of the base slab system
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Figure 2 — Geometric dimensions of U-shaped slabs (PNCs)

Fig. 3 shows the assembled design of the support for
PNK overhead pillars.

An additional equipment was designed and manu-
factured for the superconductor coil simulation
(Fig. 3). It is a steel-concrete square cross-section with
a steel console around the perimeter. Such a construc-
tion imitates a part of the column with the place of the
superstructure coil. The column part is formed by four
segments of equal-angle angles | 125x10 with a length
of 400 mm. The interior space between the corners is
filled with concrete. From the bottom, the corners are
combined with a steel plate 400x400x12 mm.
At a distance of 180 mm from the upper corner of the
corners around the perimeter fixed console of steel
twill | 125x10. The connection of steel elements is
made using electric welding.

Figure 4 shows an experimental sample located in a
pilot plant. The samples were tested after the concrete
has reached the design strength, but not earlier than
for 28 days. Testing of samples took place at a spe-
cially constructed facility at the laboratory of the
Department of Structures on Metal, Wood and Plastics
of Poltava National Technical Yuri Kondratyuk Uni-
versity. The equipment consists of a hydraulic installa-
tion with a capacity of 300 kN and a bearing beam.
The latter through a system of two strains is fixed
from the vertical displacements by connecting with
the force floor of the laboratory. The efforts on the
PNC plate were transmitted through a pre-installed
jack.
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The loading was carried out in steps of 0.1 from the
predicted theoretical calculation of the destructive
load N. Each load was maintained for at least 5 min-
utes. At all stages, relative and absolute deformations
were measured. Measurement of deformations was
carried out by two methods: with the help of watch-
type indicators with a price of a section of 0.01 mm on
the basis of 200 mm and an electron-tonal method
(Fig. 5—6). The base of the electric resonator was
50 mm. For strain-gauge tests an automatic gauge of
deformations of GNP-8 was used, the accuracy of
which is 1x107.

In all samples, for the determination of relative de-
formations on the upper part, hourglass indicators with
a price of 0,01 mm divisions are installed on the basis
of 200 mm parallel longitudinal axis between the sup-
porting surfaces. Indicators are fixed using specially
made brackets. The brackets were screwed into previ-
ously welded N8 screws (Fig. 4).

The locations of the electro-tensile resistors were
sealed to a mirror luster, degreased with acetone and
based on glue BF-2. After 24 hours gluing of the elec-
tro-tensile resistors was performed.
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Figure 3 — The support and device imitating the location of the backbone on the PNA:
1 — steel plate 400x400x12; 2 and 3 — a corner 125x10

Figure 4 — The layout of the measuring devices on the prototype samples of the PNA series
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Figure 6 — Scheme of arrangement of electro-tensile resistors on PNA plates

Results of experimental researches and their analy-
Sis.

Figure 7 shows graphs showing the change in rela-
tive deformations of the most stretched (points 1-5)
and the most compressed (points 11-17) of the fibers
of the PNA plate.

Measured values of deformations according to the
parameters of the electric resonators, the chains of
which are located in the cross section between the
supporting surfaces. According to the graphs given
above, it can be seen that the tensile deformations on
the upper edge of the PNA plate grow faster than the
deformation of the compression (lower face).
In this case, the attenuation of compressive (11-17)
deformations occurs to the point of reference of the
prototype to the support frame. This confirms the as-

sumption of transferring the load from interconnect
(PMK) and flying (software) slabs based on the prin-
ciple of "linear hinge".

Although no apparent destruction of the experimen-
tal prototype of the superconductor slab was detected,
attention should be paid to the avalanche-like increase
in stretching strains at the location of the electro-
tensor resistor # 3. With a total load of 210 kN, this
electroplating resistor is out of operation. At this mo-
ment, the transverse cracks opened up intensively.
After removing the external load of their banks turned
to the place, but completely the crack was not closed.
The distribution of formed cracks can be seen in
Figure 9. The depth of crack opening was half the
height of the cross section of the PNC plate.
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the upper (1-5) and lower (11-17) surfaces
of a sample of a series of PNA depending on
the value of the payload
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Figure 9 — Distribution of cracks in the upper stretched surface of a sample of PNA series after unloading

Interesting is the distribution of deformations at the
edges of the PNC plate. The values of compression (t.
11 and t. 17) and stretching (t.1 and t. 5) deformations
throughout the loading are close to zero values. But in
this place the load is transferred in the form of a refer-
ence reaction. Therefore, it can be concluded that the
decisive efforts to calculate the supporting part of the
PNC plate are the magnitude of the cut-off force.

Figure 8 shows the graphs of relative deformations
in the electric resonators 1 - 5 and 11 - 17 from the
magnitude of the external imposition. On these charts,
the line belonging to the electro-tensor resistor No. 3
is most distinct. It is located in a stretched zone, inter-
spersed with the passage. So, when the value reached
190 kN load, there was a phenomenon of "fluidity".
One can make a conclusion that in this place work re-
inforcement has reached the limit of fluidity. The con-
firmation of this is the reduction of deformations in
the electric resonators No.2 and No.4. Considering the
peculiarities of the PNA experimental plate rein-
forcement, the redistribution of internal forces from
the reinforcement linear elements is possible on the
ring.

Figure 10 shows graphs showing the change in the
relative deformations of the stretched (point 7) and
compressed (points 18 and 20) of the fibers of the
PNA plate. These points are located in a diagonal sec-

4
14 13 '12 11N\

. Relative deformation, gxl(f

Figure 8 — Distribution of relative deformations
for electro-tensor resistors 1-5 and 11-17 surface
samples of a series of PNA depending on
the value of the payload

tion. It should be noted that the growth of tensile
strains (point 7) is more intense than compression de-
formations (points 18 and 20). With an external force
of 210 kN, the electric resonator, fixed at point 7, was
torn and out of order. But at the same time the design
of the experimental plate of the PNC continued to per-
ceive the external force, which continued to grow.

The distribution of deformations on the sloping sec-
tion of the knot and on the adjoining sites does not
change significantly when the external load is in-
creased. The maximum values of compression effort
do not exceed the value of 50x10~. It indicates that
the internal bending moment, which is a reaction to
the effect of the external load, does not lead to any de-
struction of the reinforced concrete in this area.
And the value of transverse forces remains decisive.

Figure 11 shows the graphs of the relative deforma-
tions in the electro-tensor resistors 7, 18 and 20 from
the magnitude of the external imposition. On these
charts, the line belonging to the electro-tensor resistor
No. 7 is most distinct. It is located in a stretched zone,
diagonally between the outer and inner angles of the
PNA plate. So when the external forces reached the
value of 210 kN, deformations began to intensively
increase and reached a critical value for concrete of
200x10”. Although there was no such significant
change on the compressed face.
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A grid of cracks in this zone has a complex picture
in the form of cross-curved lines. It should be noted
that there is the presence of a long crack, which has
crossed the backs of the design diagonal from the
outer to the inner angles. Its appearance indicates the
need to make changes in the design of the reinforcing
frame of the PNC plate.

Figure 12 shows graphs where the change in relative
deformations of stretched (points 9 and 10) and com-
pressed (points 21 and 22) of PNA fiber fibers are
shown. These points are located on an average cross-
section, which intersects the inner square hole.
Points 9 and point 22 are located along one normal to
the horizontal sides of the structure. It is obvious that
in this place the general picture of the deformed state
is preserved - deformation of the tension is more in-
tensive than the deformation of compression. But the
absolute value of the deformation on the surface of the
design does not reach the critical value, which corre-
sponds to the strength of the concrete.
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Figure 10 — Distribution of relative deformations
on the upper (7) and lower (18, 20) surfaces
of a sample of a series of PNA depending on

the value of the payload
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Figure 12 — Distribution of relative deformations
on the upper (9-10) and lower (21-22) surfaces of a
sample of a series of PNA depending on the value
of the payload

This area is perpendicular to the reference face.
It can be explained by the fact that the deformed state
of the minorities than in the extreme sections parallel
to the plane of the deflections. Figure 13 shows the
graphs of relative deformations in the electric resona-
tors 9, 10, 21, and 22 of the external imposition mag-
nitude. On these charts the line is the most distinct.

The maximum external force applied to the experi-
mental extracobble plate (PNC) was 300 kN. Clearly,
the destruction of the plate did not take place, and the
cracks that appeared on the stretched surface of the
concrete after the unloading were almost closed, leav-
ing only filament marks. The general nature of the
crack propagation is shown in Figure 14. All the
cracks were transverse, and inclined cracks were not
detected.
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Figure 11 — Distribution of relative deformations
for electro-tensor resistors 7 and 18, 20 surface
samples of a series of PNA depending on
the value of the payload

Relative deformation, &x10°
Figure 13 — Distribution of relative deformations
for the 9 -10 and 21-22 surface of the electro-
conductors of a sample of a series of PNA depend-
ing on the value of the payload
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Figure 14 — Cracks in the concrete surface of a sample of PNA series

Conclusions

According to the results of the research experimental
part, the following conclusions can be drawn:

1. The program of experimental research is devel-
oped considering the possibility of using the material
base of the existing production of building structures.
That enabled to design and make prototypes in the
natural size of the real bearing structures of flat non-
white floor. Materials of constructions (steel and con-
crete) are applied in real bearing structures. The test
equipment is certified.

2. The maximum aggregate load transferred to the
superconducting plate of the PNA series was 300.00
kN. The test sample could not be destroyed. The
boundary condition for such a design is the achieve-
ment of the yield strength by the extended fittings in
individual locations. Therefore, as a bearing capacity,
an effort equal to 195.00 kN is taken.

3. The advantage of the proposed separate plates of
the developed system of non-stop overlap is that none
of the tested structures was destroyed during experi-
mental studies. As the boundary state it is necessary to
consider the states of the second group.
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This work aims to highlight the problem of accidents in the construction industry. On the basis of collected and processed in-
formation the accidents classification in the building is presented, depending on the building erection stage. The article gives
a detailed description and analysis of such cases in the construction. The collection of information on accidents was carried
out using various information sources: Internet resources, literary sources, scientific works and information from world-wide
journalistic services. The findings are presented over the last ten years and cover worldwide construction incidents.
The material is systematized and presented in the table form. The study results are the created accidents classification with
the probability of their occurrence, which can be used later in the design of buildings and structures, in order to predict the
various types of accidents in the construction.

Keywords: buildings and structures, building structures, failures, building accidents, destruction of structures
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PosrsinyTo mpobiemu aBapiii OyaiBenb i cOpy[, BiIMOB KOHCTPYKIIii; 3a3HaYEHO MPO HEJOCKOHATIOCTI BEJCHHS CTaTHCTH-
KU aBapiii Ta MeTomoJorii o0poOku maHux mpo HuUX. [IpoaHanizoBaHO XapakTepHi OCOOIMBOCTI OOPOOKH CTaTHCTHYHHX
JaHUX Ta pe3ylbTaTiB LEHTPIB eKcrnepTu3, sKi Oyno omyOJgiKOBaHO BYEHHMH pIi3HHX KpaiM 3a OCTaHHI pOKH.
Oco6imBa yBara 3BEpTAa€THCS HA JCTAIBHHMH ONMC 1 aHai3 HaliMacmTaOHIMMX aBapiii y OyJIBHMNOTBI 3a MUHYII DPOKH.
JlocnipkeHo HalHOLIBII PO3MOBCIOKCHI BUMIATKK pyHHYBaHHS OyxiBens Ta criopyx. IIpoanamizoBaHo mpukiaau aBapii 0y-
IiBenb Ta CIOpYH i 9ac PEeKOHCTPYKWii, mix gac OymiBHHNITBA O0’€KTiB Ta IO NPUYMHI BEIUKOTO BIKYy 00 €KTYy.
Busnaueno HalOiIbII IMOBIPHI IIPOTHO3M MO>KIIMBOI aBapii (HapHKIIaz, NOMIKOPKCHHS, BUXIA 13 JIaay, pyHHyBaHHS OyAUH-
Ky, OyAiBii, COOpYaH, JiHIHHOTO 00’€KTy 1HKEHEPHO-TPAHCIIOPTHOI iHPpacTPYKTYpH abo iX YacTHH), IO CTaIacs 3 TEXHO-
TeHHHUX 200 MPUPOTHUX MPHUYMH ISl MiAPaXyHKy MOXIIMBHX MaTepianbHHX 30UTKIB i (ab0) COIlianbHUX BTpAT BiJ BIAMOBH
00’exTy. BusiBiieHo Ta o6rpyHTOBaHO HEOOXinHICTh Knacudikarii aBapiit y OyaiBHHLTBI 3aJ€XKHO Bifl €Tamy 3BeIeHHs OymiB-
ni. Po3kpuTo miaxin go omucy aBapii, Buxoisuu 3 1i BiporimHocti. HaBeneno npukinagu cuTyamiil, y sKUX aBapis sBIsLIACcS
BiporigHoto. [IpearaBneno qaHi KOCTiIKeHb, OTPHMaHI 3a OCTaHHI JECATh POKIB, IO OXOILTIOIOTH OYAiBENIbHI IHIIMAEHTH IO
BchoMy cBiTy. Knacuikanist aBapiii mpuBeneHa 3a TUIIOM IX BHHUKHEHHS; MaTepiaJl CHCTEMaTH30BaHO Ta MPEACTABICHO Y
BUTIIAAl Tabimmi. [lani Tabmuni BMINTyIoTh y cobi omuc aBapii, I IpHYMHY, MicIie Ta yac BUHMKHEeHHS. Ha ocHOBI npoBene-
HOTO JOCTI/DKCHHS 3aIpOIIOHOBAaHO KiTacH(ikamiio 3a HMOBIPHICTIO BHHUKHEHHS aBapii OyaiBenb Ta cropyn, it Hel mpen-
craBneHuit aeranphuid onrc. Kiacugikamnio cTBOpEHO i3 METOI0 MOXJIMBOCTI MOZETIOBAHHS Pi3HUX THUIIIB BipOTigHUX aBa-
pii, sIKi MOXKYTb BUHUKHYTH Ha 00’€KTi, 1)1 1X MOJANbIIOr0 YHUKHEHHS, a TAKOXK 3 METOIO IOJAJIBIIOr0 BUKOPUTAHHS IIPU
NPOEKTYBaHHI OyIiBeJIbHIX 00’ €KTIB.

KurouoBi cioBa: Oynisii i ciopyau, OyniBenbHI KOHCTPYKIIIT,BIIMOBH, aBapii Oy/iBelb, pyiiHyBaHHS KOHCTPYKIIIL.
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Introduction

The problem of buildings and structures accidents
remains relevant in modern conditions. Cases of build-
ings collapses with significant economic losses and
human victims make it more closely to work on this
issue. That is why, in this article, attention is paid to
accounting for accidents in buildings and structures in
recent years and to create an appropriate classification
based on the collected data.

Review of research sources and publications

Several publications are devoted to construction
accidents, including the monograph B.I. Belyaeva [1],
M.M. Laschenko [2], M.M. Sakhnovskii [3],
O.M. Shkineva [4] and many others. Quite detailed
material of accident statistics was presented by
A.V. Perelmuter in the table form of steel structures
accidents causes [5]. Also noteworthy are publications
by K.I. Yeremin with references to this subject [6, 7].

Speaking about building accidents, firstly is neces-
sary to consider the reasons of structures failure,
among which, except cases of excessive casual load,
the accidental magnitude of the load capacity
(inadequacy of safety ultimate factor), there are many
others (unexplored constructions, errors in design,
manufacturing and installation, violation operating
rules, etc.) [S]. Also during construction often enough
do not adhere to those or other norms and require-
ments for construction work, which in turn can lead to
fatal mistakes, at the cost of which can become human
life.

On the example of India, we can give the figures for
the statistics of the victims as a result of construction
accidents. Data from the National Crime Records
Bureau (NCRB) indicates that a total of 38363 people
lost their lives due to collapse of various structures be-
tween 2001 and 2015. Most people lost their lives be-
cause of the collapse of residential houses.
Uttar Pradesh recorded the highest number of deaths
(5690) during this period [31].

Against this background, it is worth noting that the
methods for calculating structures, for example, from
bricks, are characterized by a high degree of idealiza-
tion of their real properties and working conditions
under the action of explosive and other loads. Thus,
the imperfection of the calculation methods is com-
pensated by increased safety factors [20].

The analysis of publications on the estimation of the
accident rate of construction objects shows that the
statistics of accidents are not perfect. This is not only
about the lack of well-documented failures and acci-
dents, but also about the imperfection of the method-
ology for processing data on them [5]. In our time, de-
spite the great opportunities in the issues of publicity
and the press, it is difficult to obtain objective infor-
mation of accidents, as the construction market is a
commercial struggle between construction companies.
As a result, many accidents are deliberately silent, and
in the future, such incidents are not publicized.
Also, at the current stage of construction development
in Ukraine, the question arose about the justification
in the state building codes of the people number issue

who are constantly on the site and are at risk of acci-
dents.

Speaking about accident statistics, general informa-
tion is provided annually by the city expert center,
which is recognized consultant number 1 in the field
of manufacturing in Russia (according to the RA Ex-
pert’s ratings in 2012). The company «MCE-Northy,
part of the international holding, is provides technical
expertise (technical diagnosis) of buildings, structures
and equipment [8].

Definition of unsolved aspects of the problem

The question about building accidents is raised dur-
ing long time. Even there are official organizations of
various levels for consideration of accidents that have
arisen in construction. But then their own statistics
and analysis nowadays are imperfect. From this it can
be concluded that this topic requires more attention for
furthering study and systematization, which will allow
to predict the accident, take the necessary measures,
and thus to exclude its possibility.

Problem statement

To analyze building accidents on the materials of
modern publications, scientific works, Internet
resources and mass media, to create an appropriate
classification of buildings and structures accidents

Basic material and results

1. Reasons of building collapses

In considering the accidents statistics in buildings
and structures, it is advisable to get acquainted with
the work of statistical centers that provide open access
information for the relevant period [32].

Thus, according to experts on the technical buildings
diagnostics of the Companies Group, the City Center
of Expertise (ISE), in 60% of collapse cases occur
through a combination of violations committed at dif-
ferent construction and operation stages.

Over 2013, the buildings collapses in Russia killed
57 people and 67 people were injured.

Failure to observe the technology of construction
and installation work (including safety rules) accounts
for 53% of the reasons for the collapse (in 2012 —
50.68%). Rejections, low quality of building materi-
als — 5% (in 2012 — 1.36%). As a result of violations
of conditions (including terms) of the buildings opera-
tion, about 38% of decompositions occur (in 2012 —
46,57%). Mistakes made during designing — 4%
(in 2012 — 1,36%).

Furthermore, large collapses and those that caused
people to suffer were taken in this statistics.

Speaking about the building accidents that took
place between May 2014 and May 2015, according to
experts from the technical diagnostics of the buildings
of the Companies Group, the City Expert Center
(CEE), 76% of collapse cases occur through a set of
violations committed at different construction and ex-
ploitation stages.

For the year, in result of the buildings collapsed in
Russia, 43 people were died and 144 people were in-
jured. Non-compliance with the construction technol-
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ogy and installation work (including safety rules) ac-
counts for 45% of the causes of decompositions (in
2013 — 53%).

Rejections, low quality construction materials — 5%
(in 2013 — 5%). As a result of conditions violations
(including terms) of the buildings operation, about
31% of decompositions occur (in 2013 — 38%).
Mistakes made during designing — 19% (in 2013 —
4%).

Without claiming the full problem coverage the as a
whole, possible to distinguish the most widespread
cases of buildings and structures accidents, namely:
errors of engineers in the calculations; negligence of
builders during construction an object, improper op-
eration or incorrect reconstruction, cases of which
have increased significantly over the past few years.

Accidents should also be classified according to the
class of consequences, in accordance with the
National Standard of Ukraine [9]. Taking into account
the research carried out, the most widespread
buildings accident can be considered objects with a
consequences class of CC2, in particular residential
buildings with the people number who are constantly
in the building, up to 400 people.

But it should be noted that the most significant acci-
dents, with hundreds of victims and colossal conse-
quences, occurred in the buildings of the consequences of
CC3. These include shopping centers, sports arenas, in-
dustrial enterprises and entertainment complexes.

Materials on accidents were sought out through the

information network, world news and modern scien-
tific publications, which considered these issues in
particular. Based on the received material, classifica-
tion tables were created for the types of accidents that
have occurred in recent years. It should be noted that
the information is constantly updated depending on
the incidents occurring at the given time.

As a result of the study, a table was created showing
examples of accidents and structures in recent years
with available information on their destruction, the lo-
cation and incident causes, as well as the number of
victims.

£} 7T

Figure 1 — Building collapse in Hong Kong, 2010

Table 1 — Accidents during the buildings reconstruction

Description of accident Reasons of accident City, country / The date Number of the
victimsof the
accident
A four-storey office Unauthorized planning of Krasnoyarsk, Russia, 3
building that was under premises on the first and June 15, 2009
reconstruction. Slab floor second floors.
was collapsed.
Five-storey house of Deal of deterioration Astrakhan, Russia 2
dormitory. July 22, 2009
Collapse of two entrances.
Four-story building, during | Deal of overlappings Prague, Czech Republic -
the reconstruction period. deterioration 10.02.2009
The three floors are
destroyed.
A dwelling house built Repairs Hong Kong, China 5
more than half a century January 29, 2010
ago.
The building adjoining the During the reconstruction Kharkov, Ukraine -
hotel "Kharkiv". period March 16, 2010
Eight-story house. During the reconstruction St. Petersburg, Russia, A few
Overlapping was collapsed. | period September 01, 2010
Three-story house. Repair work, which resulted | Dumyat, Egypt 35
in violations of bearing 01.02.2012
structures.

Five-story house. Illegal construction in Sian, China 7
violation of safety rules. June 26, 2011
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2. Accidents during the buildings reconstruction

Speaking about accidents during the buildings and
structures reconstruction (table 1), it should be noted
that the incidents of such accidents have increased
significantly over the past few years. The works in
many cases are carried out incorrectly, poor quality
materials are used, negligence during reconstruction is
also excluded.

On September 1, 2010, in St. Petersburg, on
Ligovsky Prospekt, 145, the ceilings of the eight-story
building was collapsed. The crash began from the
roof, and ended in the very bottom [10].

Quite often, the accident objects are those buildings
that are under reconstruction. For example, on March
5, 2003 in Moscow, Russia, the construction of a
multifunctional shopping center collapsed when
dismantling brick diaphragms (pylons) that were
located around staircase cells [11].

3. Building accidents at a stage of construction and
acceptance in operation

For a more detailed study of this issue, the informa-
tion collection and analysis on accidents in the stage
of construction was also carried out. Materials are ob-
tained through a variety of information sources, Inter-
net resources and the media. In the process of work
also was familiarized with scientific works on the ac-
cidents statistics and their typing. Based on the infor-
mation received, the crash of new buildings was thor-
oughly analyzed and systematized in the table form.
The list of accidents covers the worldwide timeline
between 2003 and 2016 (Table 2).

On February 23, 2015 in Chernyakhovsk, Russia,
the wall of an unfinished building collapsed, whose
construction was suspended for a significant period.
As a result of the incident, a 11-year-old boy was
killed, during the collapse a plate fell on the boy. The
unfinished building was in private ownership, after re-
viewing the event place, a decision was made to initi-
ate a criminal case [12].

The accident carries not only significant economic
losses, but also can take human lives. Thus, in India,
71 people died, including 25 children, as a result of
the building collapse that was in the construction
process. According to the Indian television channel
NDTYV, the tragedy occurred near the city of Mumbai
on April 6, 2013. A seven-storey residential building
construction was carried out illegally, in the absence
of the necessary documentation, which would confirm
the work safety on the site. According to law
enforcement officials, despite the fact that the building
was erected illegally, and its construction is not
completed, the four floors have already been settled by
the inhabitants. The probable disaster cause was the
poor construction and building materials quality. The
building collapse caused the destruction of the entire
structure. Eyewitnesses say that the seven-story
building has developed in 3 — 4 seconds, like a card
house [13].

The trend was confirmed in December 2012 in
Waghol City, where 13 people died as a result of the
unfinished building collaps, and earlier in September,
a building collapsed in Pune, Maharashtra, resulting in

the deaths of six people [14]. On July 29, 2016, a part
of the building that was in the construction phase col-
lapsed in Pune, India. As a result of the incident, nine
workers died.

Such an accident occurs throughout the world. For
example, on March 29, 2013, in the city of Dar es
Salaam, Tanzania, a 12-story unfinished building
collapsed, killing 36 people. In relation to owners and
construction contractors there is a criminal
proceeding, in which nine people have already been
arrested [13].

Not an exception to this and more developed coun-
tries, in particular, Russia. So, on August 15, 2015 in
the Moscow downtown, a new building collapsed. As
a result of the ceilings collapse between the first and
second floors, two people were injured [15].

In Surgut, on March 6, 2014, a new building
collapsed (Fig. 2). The ceiling collapsed between the
fourth and fifth floors. Under the rubble, the saviors
found three people, two of them died. Despite this, the
media did not report any information regarding the
opening of criminal proceedings, or the
commencement of the investigating commission work
at the incident scene [16].

Unfortunately, a country like Egypt has, in our time,
also received a reputation like India in construction
terms. Accidents before the time of acceptance build-
ings in operation in Egypt are not uncommon.
Builders most often do not adhere to construction
standards, exceeding the permissible number of floors
or saving on the quality of materials. Sometimes con-
struction is conducted at all without the permission of
state bodies and departments [13].

In November 2012, in Alexandria, Egypt, 10 people
were killed when the high-rise building under
construction collapsed. Late in the evening, the
eleven-story building collapsed into neighboring
buildings. All the dead and wounded - the inhabitants
of these houses [13].

Figure 2 — Building collapse in Surgut, 2014

An example is the accident that took place on
January 16, 2013, in Alexandria, Egypt, where an
eight-story dwelling house collapsed. The saviors
freed 25 bodies from the rubble, 15 wounded were
found. As the Alexandria governor said, the
construction was carried out without the necessary
documents, the municipal authorities did not issue a
building company a building license [17].
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Table 2 — Accidents of buildings and constructions at the stage of construction

IFont | Description of accident City, country Date Number of the
Size victimsof the
accidents
1 Collapse of the shopping center structures | Moscow, 5.03.2003 -
Russia
2 The destruction of an unfinished 13- Shanghai, China 27.06.2009 1 person
storeyd building
3 The collapse of the unfinished building Burundi 10.07.2009 14 died, more than
40 were injured
4 The collapse of the unfinished Dubai, United Arab | 16.08.2009 -
construction, which was almost ready for | Emirates
delivery
5 The destruction of the 4-storeyd building | Istanbul, Turkey 27.04.2009 -
shopping center. The exact cause of
failure is unknown
6 Collapse of the hotel that was under Baku, Azerbaijan 28.04.2009 3 people
construction process
7 Collapse of the4-storeyed building that Xi'an, China 02.10.2010 10 people were
was under construction. Caused by poor injured
quality of the construction materials.
8 Building collapsedduring the construction | Puna, India September, 6 people died
2012
9 Building collapse Alexandria, Egypt November, 10 people died
2012
10 | Unfinished house collapse Vahholy, India December 2012 | 13 people were
died
11 | The accident when constructing of a Taganrog, Russia 13.12.2012 5 people died,
residential house. Reasons were the 14 were injured
illegal construction, negligence, failure to
comply with standards
12 | Destruction of 8-storeyed building. The | Alexandria, Egypt 16.01.2013 25 people died, 15
reasons were failure to comply with were injured
standards, the illegal construction
13 | The destruction of the 12-storeyed Dar Es Salaam, 29.03.2013 36 people died
unfinished building Tanzania
14 | 7-storeyed residential building collapse. | Mumbai, India 6.04.2013 71 people died
Causes are negligence, the illegal
construction
16 | The destruction of the unfinished facility | Chrniakhovsk, 23.02.2015 11-year-old boy
walls, whose construction was suspended. | Russia died
The reason was the frozen construction
17 | Newly-built floors collapse of a building | Moscow, Russia 15.08.2015 2 people were
in the city center injured
18 | Destroyed building during construction | Tel Aviv, Israel 5.09.2016 2 people were
injured
19 | The collapse of the ceiling of an Ural, Russia 5.09.2016 1 person was
unfinished residential building injured
20 | The collapse of the unfinished Saransk, Russia 13.11.2017 2 people died,
construction 3 people were
injured
21 | The collapse of the unfinished Sumy, Ukraine 13.02.2013 -
construction of the mall
22 | Building collapse during the construction. | Kiev, Ukraine 19.11.2017 -

The collapse of the newly-built floor
construction
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The acuteness of the illuminated problem can be
clearly imagined if you explore the global information
network. Only in one day around the world there were
buildings collapses during their construction, as a
result, many people were killed and injured.

For example, at 13:00 on September 5, 2016, the
Israeli police press service announced a building
collapse in Tel Aviv (Fig. 3) that was in the
construction phase, leaving two people dead and five
more missing. The mobile crane, which drove on the
multi-storey car park roof on Ha-Barzel Street in the
Tel-Aviv district of Ramatha-Khayal, dropped off the
building part that could not bear the weight of a huge
machine [19].

Figure 3 — Building collapse in Tel-Aviv, 2016

On the same day, at 17 o'clock, the press service of
RIA VistaNews reported on the collapse of an
unfinished residential building in the Urals (Fig. 4),
resulting in serious injury to one of the workers.
The incident took place in the Sverdlovsk region.
According to preliminary information, the workers
carried out the building structures dismantling of an
unfinished dwelling house. During these works, the
one floor overlap could not withstand the load and
collapsed on the worker. At the moment, the
commission operates on the scene of the accident,
which, as a matter of urgency, must provide a legal
assessment of the incident [17].

Figure 4 — The destruction building during
construction, Ural, Russia, September 2016

4. Accidents due to the large age of buildings

During researching and analyzing the buildings and
structures accidents, it is not impossible to avoid acci-
dents that occurred due to the facility large age, or as a
result of failure to perform timely repairs in buildings
that need it.

A good example of inappropriate care for buildings
can be the historical significance construction — the
Cadet Corps, Poltava, Ukraine (Fig. 5).

This building was built in 1840, is currently inactive
and is in a dilapidated state. The building reconstruc-
tion is not carried out, therefore the building is in a
miserable condition, which in the future may lead to
another accident in the construction industry.
Moreover, such cases are not isolated, and unfortuna-
tely, are quite common in the Ukraine territory.

We give additional examples of this type accidents.
Namely, in January 2010 in Tbilisi, Georgia, there
were just two accidents. At first, the carrier wall of a
residential three-story building collapsed, a day later -
carrying two-story structures. In both cases, the build-
ings were in a emergency state. It should be noted that
emergency measures were not carried out before the
collapse. Fortunately, there are no victims [7].

Figure 5 — The appearance of the Cadet Corps
in Poltava at present, and in the XIX century

On October 26, 2010, a residential building was par-
tially destroyed in the Kirov region, Sovetsky.

The load-bearing wall collapsed, followed by stairs
marches and inter-floor overlays. The pre-war build-
ing needed major repairs, the means for repairs were
allocated slowly. People were not affected by the ac-
cident [21].

Also on the basis of the processed material a table
was created describing the accidents and structures re-
quiring repair work (Table 3).

The problem of studying accidents in buildings and
structures is incomplete information about certain ac-
cidents. In the finding process in the various sources
of necessary information, it has to be repeatedly en-
countered with the illuminated problem incomplete-
ness.
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Table 3 — Accidents of buildings and structures requiring repair work

as a result of heavy rains.

Number of the
Description of accident City, country The date victimsof the
accidents
Collapsed bearing wall of a residential three-story | Tbilisi, Georgia | January, 2010 -
building. The building was in an emergency.
No collision preventive measures were taken.
The wreck of the emergency wings is destroyed. | Odessa, March 21, 2010
The building was declared emergency. The | Ukraine
inhabitants were evicted.
Partially demolished dwelling house. The load- | Sovetsk, Russia | November 26, | -
bearing brick wall collapsed, followed by stairs and 2010
blanking. The building needed major repairs.
Collapse of a three-story building that was in an | Barletta, Italy October 3, 2011 | 4
emergency. The destruction occurred due to repairs
that were carried out in the neighborhood.
The seven-story building, which was in an | Luxor, Egypt February 11, | 15 died, 20
emergency, was destroyed. 2011 were injured
Collapsed unoccupied emergency facility located | Alexandria, 14 July, 2012 15
near low-rise buildings. Egypt
A five-story building collapsed. The cause of the | Beirut, Lebanon | 15 January, | 27 died, 12
accident was the cracking of the old building, formed 2012 were injured

5. The largest destruction of buildings and
structures in the world

Cases of large-scale accidents, which resulted in the
investigation and compiled the relevant conclusions,
undoubtedly cover the problem under consideration,
but there are also such accidents that are suppressed
for various reasons, one of which is the commercial
struggle in the market between housing and construc-
tion companies. Sometimes the accidents coverage is
reported incomplete, with inaccurate information, or
unidentified the incident causes. All these factors af-
fect the processing information quality. Therefore, it is
also advisable to mention accidents, the causes of
which have not been established, but which resulted in
between one to ten injured.

This includes the a five-story dwelling house col-
lapse on August 4, 2011 in the Pakistani port city of
Karachi, where 29 people died [23] and a three-story
dwelling house collapse on October 25, 2009 in Palma
de Mallorca, Spain. Under the building rubble the five
people died and two were injured in various severity
degrees [6].

On June 10, 2012 in Lutsk, Ukraine, a five-story
residential building collapsed (Fig. 6) — the bearing
walls from the first to the fifth floor between the first
and second entrances were destroyed. Rescuers have
rescued from the building 18 people. As a result of the
tragedy, two people were killed and one was injured
[22].

In areas with difficult climatic conditions, as a rule,
there is a high probability of a building accident,
therefore, the requirements for the facilities construc-
tion in these areas are set more stringent. However, it
is difficult to prevent the building of possible floods or
other cataclysms.

Such accidents also include accidents that occurred

due to design failures, such as in January 1978 in the

city of Harford, Connecticut, USA, due to overloading
with snow in the city center, where a hockey match
was conducted during the day, overnight collapsed on
the night from a height of 30 m a sports arena measur-
ing 92 by 110 m (Fig. 7). The investigation revealed

errors in the calculations of designers [23].

Figure 7 — The fall of a sports arena
in the city of Hartford (USA), 1978
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Also such an accident occurs due to untimely
repairs, such as January 15, 2012 in Beirut, Lebanon,
where a five-story building collapsed. The reason for
the steel collapse were cracks formed as a result of
torrential rains. 27 people were killed, 12 wounded
[10].

It is impossible to ignore the most serious accidents
over the past two decades, which resulted in dozens,
but not hundreds of casualties and thousands of
wounded. These include the Sampoong shopping
center collapse in Seoul (South Korea). On June 9,
1995, one of South Korea's largest buildings - the
largest supermarket in Seoul, Sampoong, collapsed.
Under the building ruins, 502 people died, 937 were
injured and serious injuries. According to the
investigation, it was discovered that a building whose
collapse lasted only 20 seconds collapsed due to a
number of reasons, the main of which were violations
of building codes (Fig. 8).

Figure 8 — Collapse of the Sampoong shopping cen-
ter, Seoul, South Korea, 1995

One of the reasons for the collapse building was
the center's leadership decision to put on the roof three
huge industrial air conditioners. In 1993, they were
placed on a roof on special pallets, thus adding a load
on a so weakened central part of the building (Fig. 9)
[24].

Figure 9 — The scheme of placement on the roof of
three huge industrial air conditioners

Large-scale accidents in the construction industry
cannot be attributed to the destruction of the shopping
center «Maxima» in Riga (Fig. 10), which happened
on the evening of November 21, 2013 in the district of
Zolitude. Approximately at 5:45 pm, the roof and the

supermarket walls deformed, numerous customers and
workers were locked inside. At 18:00, one of the
center walls fell and the roof over the ticket offices
fell. At noon on November 23, the number of deaths
reached 52 people: 51 Latvians and one Armenian
citizen. The Latvian police put forward three versions
of the disaster: 1) violation of the design; 2) violation
of the rules of construction; 3) storage on the roof of
building materials [25].

Figure 10 — The collapse of the Maxima Shopping
Center in Riga, 2013

The record number of dead and wounded in the last
decade has been recorded in 2013, when in Sawar
(Bangladesh) on April 24, a complex containing a
bank branch, a shopping center with lots of stores and
five sewing factories was destroyed (Fig. 11).
On May 9, the death raised to 953 people, more than a
thousand people were injured.

Figure 11 — Collapse of the complex
in the city of Savar (Bangladesh), 2013

On May 3, Interior Ministry experts have established
the building collapse reasons: a strong vibration from
powerful electric generators. Four giant generators
were installed in the building in violation of all the
rules, and when they re-started after the electricity was
switched off for some time, their vibration, together
with the vibration of thousands of machines, led to the
collapse of the building [26].

The most massive accident in the past few years
during which the roof collapse has occurred,
Transworld Park, a sports and entertainment complex
in the Yasenevo district (Moscow), opened in June
2002, which collapsed on February 14, 2004, can
undoubtedly be considered [27].
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6. Proposals for buildings accidents classification

Studying the accidents statistics and the
characteristics in construction, a number of eminent
researchers have been trying for decades to create a
unified, well-founded classification of this type. But
the goal set before the scientists is so unrestricted in
the study, as in the implementation methods.

For the most part, accident statistics are currently
being conducted in the most obvious way, namely, the
accident information collection in tabular form, with
the indicated reasons, the injuries number and the
incident date. If the accidents collection covers the
international  territory, the general table is
supplemented with information about the country
where the incident occurred. Such a collecting
information method can be defined as a general one.
It allows you to summarize all the processed data from
various resources and sources, on the basis of which
the accident rate charts can be constructed depending
on the selected indicators: crashes by type of building,
destroyed structures, places (countries or cities) or
number of victims people

The next part of the information statistical
processing is a more detailed resulting general table
breakdown by the objects type that have been
destroyed. For example, the accidents types can be
divided into three components: the buildings and
structures destruction at the construction stage, in the
objects reconstruction and the accident due to the
large building age. Classification is precisely on these
grounds due to the high repeatability level during the
study of this issue, which implies that the probability
of such an accident occurrence is highest.

On the research conducted basis, graphs and charts
are created, which reflect the results obtained, which
are already making final conclusions.

An example of generalized data processing is the
annual accidents statistics, created by the Russian
company «City Center of Expertise». The peculiarity
of this company’s work is its transparency and results
publicity. The statistics provided over the past few
years are freely available on the Internet, with the
components of which can be read by anyone. At the
same time, official statistics, which is conducted by
state authorities, do not have access to ordinary
citizens. On this basis, there is a need to address the
work transparency issue of the Commissions
investigating accidents in buildings and structures.

The possibility of providing public information can
be a significant step in addressing accidents that
occurred during the construction phase, as the
publicity of incidents and work results carried out by
the special commission will be a major impetus for the
elimination of accidents certain types.

In addition, the data statistical processing on
accidents building objects, makes it pay attention to
the high-rise buildings problem, which are
decommissioned, but not later dismantled.
The authorities often do not pay attention to their
accident rate and the destruction highest probability.
The result of long-term dismantling, and in most
cases, its complete absence, can become human life.

If for some time the accident was considered as a
probabilistic event, which has no regularities and
whose results cannot be predicted, then at present
scientists have made a tangible breakthrough in this
field of knowledge. With the introduction of such
concepts as economic and non-economic consequen-
ces, the development and implementation of possible
losses calculations, depending on the design failure.

The approach to the accident description can be
considered with its probability. That is, an accident
may be probable, impossible or accidental (Fig. 12).

The resall thal meeds Do lee slitiined
exchudimgall the prohabilities af
airmeire and (ke abeel T3llare 355
while

Visieal sl daircgge 16 chamenly thal kel b a
failere ! Snir normal perssion, sic.

Figure 12 — Classification of accidents
on the probability of their occurrence

These are three fundamental features that make it
possible to differentiate the event and its
progressiveness. That is, there is a certain antinomy of
concepts: chaos, irregular series of events - in this
case, the objects construction and their exploitation -
acquires a regular order only when we narrow the
range of statistical selection. Thus, moving from
macro to micro-research, we create more complex
statistics, which includes a clear understanding of the
probability, impossibility or chance of an event.

Here are examples of situations in which the
accident was probable. In this case, this is an accident
near the city of Mumbai, April 6, 2016 [13].
The collapse of a seven-storey residential building
provoked a number of reasons, such as a violation of
building codes, negligence in the construction, illegal
construction works. The probability of emergence of
an emergency situation was the maximum in this case.

Accidental accidents include the explosion of gas in
a residential building in Brussels, which took place on
March 18, 2017, resulting in the loss of one person
[28]. One building collapsed completely, from the
other only the facade remained. Or the fire that
occurred on February 21, 2015, in the OAU, where the
tallest Fakel building fired [29]. No one was hurt.

The result of the accidents analysis that occurred in
construction should be the impossibility of an
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accident. A striking example of working out the past
years’ experience, the implementation of necessary
improvements and the various accidents types
prevention is the modern complex «Federationy,
which consists of two skyscrapers of 324 meters high
(Fig. 13) [30].

Figure 13 — Modern complex «Federation»,
Moscow, Russia

The building is equipped with cutting-edge
technology, and is the highest in Europe and the
strongest in the world. The hard frame "Federation" is

designed in such a way that the output from the work
of one element does not affect the normal work of the
entire design. The experience of past years with the
problems of fire safety and explosive environment
introduced the latest high-tech designs. This facility
serves as a vivid example of effective work on
building mistakes.

Conclusions

The result of the research is the classification of
accidents of buildings and structures based on the
collected and processed material. Thus, the paper
presents an attempt to generalize accidents by their
type (period of operation of the building), as well as
the proposed classification for the probability of an
accident. For the appropriate calculation of the frame
of the projected building, it is necessary to simulate a
number of probable and probable accidents with their
thorough elaboration. The result of this design is to
reduce the probability of an accident, which is why the
most vulnerable skeleton locations (depending on a
variety of factors) are subject to reinforcement and
careful work. Further investigation of accidents in
construction allows using the classification presented
to predict and eliminate potential emergencies for
buildings of different types and destinations.
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The article considers the concept of "survivability" of steel frame structures and defines its features. In the design of steel
frames there is a need to reserve the main load-bearing structures to prevent progressive destruction. With the possible de-
struction of any individual element, the entire object or its most critical part must remain operational. The degree of damage
to the system in case of failure of an individual element is determined. The main prerequisites for prevention of destruction in
emergency situations, in particular, the calculation of the increase in carrying capacity. The approaches to determining the
risks of failure and strengthening of steel frame elements are considered.
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KuBy4icTh | pU3MKH BiAMOBH CTaJIeBUX PAMHMX KOHCTPYKUIIii:
NMOHSATIHUN anmapar

Ypuyrnina K.B."*, Unuy.ain B.I1.2
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VY cTaTTi MPOBOANTHECA aHaii3 POOOTH CTANEBUX CTATHYHO HEBU3HAYECHUX PaM BUKOPHCTOBYIOYM MOJENI 3 MaKCHMaJbHO
HaOJIMKEHNMH JI0 PeabHUX KOHCTPYKIH AiOYMMH 32 HOPMAaMH HABaHT)KCHHAMHM IIPH MOXJIMBHX BiIMOBAaX OKPEMHX eJle-
MeHTIiB. Po3risaeTbcs BU3HAUCHHS MOHATTS <OKHBYYICTB)» CTANEBUX PAMHHUX KOHCTPYKLii. IIpu mpoekTyBaHHI CTaneBHX
paM icHye HEoOXiAHICTH pe3epBYBaHHS OCHOBHHUX HECYUMX KOHCTPYKIIH IJIs 3amoOiraHHs IPOTPECYIOUYHX PYHHYBaHB.
IIpn MoxBOMY pyHHYBaHHI OyIb-SIKOTO OKPEMOTO eJIEeMEeHTa Bech 00 €KT ab0 HOro HaiBiIMOBINANbHINIA YaCTHHA IOBUHHA
30epiratu mpare3aTHicTs. BusHayaeThCs CTYNIHD MOIMIKOHKEHHS CHCTEMH TIPH BiIMOBI OKPEMOTO eneMeHTa. Busnaueni ro-
JIOBHI ITEpelyMOBH 3aro0iranHio pyHHYBaHHIO IIPH aBapiifHUX CHTYyaIisX, 30KpeMa, pO3PaxyHOK BEIHIMHH 30LIbIICHHS He-
cydoi 3matHocTi. [IpeacTaBneHi yMOBM TpaHMYHHX CTaHIB TPH PO3paxyHKax JXHBYYOCTi 0araTOMOBEPXOBHX OyaiBelnb.
[TpuBOAATHCS KOHCTPYKTHBHI 3aX0M [Uisl 3a0e3neueHHst CTIHKOCTi kapkaciB. IIpencraBieni cucteMu Aiadparm )OpCTKOCTI
BHCOTHHX OyniBenb. [IpoBeneHi po3paxyHKH psily CTaJeBUX paM. Pe3yiabTaTH MOKa3yloTh, IO MOOAWHOKI BiIMOBH €JICMEH-
TiB KOHCTDPYKLIH BeAyTh A0 PyHHYBaHHS paly HepeTuHiB. Lle yHEMOMXIIMBIIOE PO3IVISL] JaBHHOMOAIOHOTO MPOrpecyioyoro
pyHHYBaHHS. AHANI3YIOThCS MHIIXOOM 1O BH3HAUCHHS PH3WKIB IPH BIiIMOBaX 1 IiJCHJICHHI €JIEMEHTIB CTAJIEBUX paM.
IIpencrasieni Mexxi HOPMAaTHBHOTO PH3MKY aBapii. Po3paxoByeTbcs TpaHHYHO - AOMYCTHMI PH3HMKH BiIMOBHM KOHCTPYKIIi.
Busnawaerscst akTuaHHN pH3HK aBapii 1 piBeHb JOCTaTHHOI KOHCTPYKILiHHOI Ge3mexu o0'ekra. Pecypc 00’ekTy MOKIHNBO
TIOJIOBXKYBATH MiJICHIEHHSM €JIEMEHTIB IO BIIMOBWIIN, ajie B MeXaX I'PaHUYHO JOIyCTHMOTO pu3MKy. [liAcuieHHs BUKOHY-
€ThCsI 0OMEXKEHY KINBKICTh pa3iB 3 ypaxyBaHHAM amMopTu3auii. BapTicTh poGiT Mo 0OCTEXEHHIO Ta MiJCUICHHIO BU3HAYAIOTh
3aJIeKHO BiJl PU3MKIB MOXIIMBUX BTPAT IIPH BiJIMOBI (aBapii) Ta B MOPiBHIHHI 3 BAPTICTIO 00 €KTY.

Konio4oBi c1oBa: )XUBYUiCTh, pyHHYBaHHS, pe3epBYBaHHS, PU3HK, ITOIIKOKSHHS.
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Introduction

European and Ukrainian practices for solving sur-
vivability problems require detailed study and effec-
tive solutions. One of the reasons is the lack of a
common calculation method in the design of buildings
and as a consequence there is an imperfect regulatory
framework. There are a number of documents in the
regulatory framework of Ukraine. Some of these stan-
dards indicate the need to calculate the survivability
[1, 2] and are used to perform most of the calculations
in the design. These documents are advisory. The need
to ensure survivability in technical systems requires
the development of analysis and evaluation of mecha-
nisms methods and means of its provision for each
specific class of systems. In foreign norms as com-
parative characteristics for the calculation of the verti-
cal element refusal such as columns or pylons, engi-
neers-designers are offered a very specific restriction
of the collapse - 70 m® or 15 % of the area of the floor.

Review of research sources and publications

General concepts of risks and survivability of com-
plex systems including building structures are pre-
sented in a number of scientific papers [3-6].
The work [3] presents a novel classification frame-
work for severe global catastrophic risk scenarios.
Extending beyond existing work that identifies indi-
vidual risk scenarios, authors propose analyze global
catastrophic risks along three dimensions: the critical
systems affected, global spread mechanisms, and pre-
vention and mitigation failures. The classification
highlights areas of convergence between risk scenar-
ios, which supports prioritization of particular re-
search and of policy interventions. It also points to po-
tential knowledge gaps regarding catastrophic risks,
and provides an interdisciplinary structure for map-
ping and tracking the multitude of factors that could
contribute to global catastrophic risks. The paper [4] is
introduced the concept of system survivability under
attack in analogy with system reliability. Authors limit
consideration to the discrete case and define a compo-
nent/system survivability to be the probability that the
system/component continues functioning upon attack.

The differences between the suggested concept of
system survivability and the traditional one of system
reliability are defined. Most often, the survivability
follows a Bernoulli distribution for which the survival
probability is derived based on the system configura-
tion. Authors develop results for series, parallel, se-
ries-parallel, parallel-series and k-out-of-n systems.
It also provided the expected number of attacks for
each system configuration based on the particular at-
tack strategy both for single and multiple attacks.
Scientists illustrate the process through a real applica-
tion. According to [5] extreme events often cause local
damage to building structures and pose a serious threat
when one or more vertical load-bearing components
fail, leading to the progressive collapse of the entire
structure or a large part of it. Since the beginning of
the 21st century there has been growing interest in the
risks associated with extreme events. The accent is
now on achieving resilient buildings that can remain

operational after such an event, especially when they
form part of critical infrastructures, being occupied by
a large number of people, or are open to the public.

This paper [5] presents an ambitious review that de-
scribes all the main advances that have taken place
since the beginning of the 21st century in the field of
progressive collapse and robustness of buildings.
Widely diverse aspects are dealt with, including: a col-
lection of conceptual definitions, bibliometric details,
the present situation and evolution of codes and design
recommendations, quantification of robustness, as-
sessing the risk of progressive collapse, experimental
tests, numerical modeling, and research needs.
The work [6] determines the strongest determinant of
the destruction or endurance; some other factors such
as inundation height, depth of the building parallel to
the tsunami direction and opening ratio have also been
considered as the factors supporting the survival.
This paper investigates Sendai sewage purification
center which survived the tsunami in the context of its
endurance.

The issue of survivability and risks of steel frame
structures devoted works [7-12]. The paper [7] pre-
sents a numerical model for analyzing steel frame
structures subject to localized damage caused by blast
load and subsequently investigating their survivability
under fire attack. The proposed numerical method
adopts a mixed-element approach for modeling large-
scale framework and it is proven to be sufficiently ac-
curate for capturing the detailed behaviour of member
and frame instability associated with the effects of
high-strain rate and fire temperature. Design implica-
tions related to the use of various numerical models
for separate assessment of blast and fire resistance of
steel structures and their components are discussed.
Fire—blast interaction diagrams are generated to de-
termine the fire resistance of columns considering the
initial damage caused by the blast loads.

A multi-storey steel building frame is analyzed so
that the complex interaction effects of blast and fire
can be understood and quantified. The frame is found
to be vulnerable, as it possesses little fire resistance
due to the deformation of key structural elements
caused by the high blast load. The paper [8] presents
results of an investigation into the effect of span
length on progressive collapse behaviour of seismi-
cally designed steel moment resisting frames which
face losing one of their columns in the first story. To-
wards this aim, several nonlinear static and dynamic
analyses were performed for three frames designed for
a high seismic zone considering various span lengths.
The analysis results revealed that beams and columns
of the studied frames had adequate strength to survive
one column loss in the first story. However, in order to
determine the residual strength of the frame, a series
of nonlinear static analyses called pushdown analyses
were performed. It was shown that by decreasing the
span length to half, the strength of the studied frames
increases 1.91 times based on the performance-based
analysis perspective. Besides, results of nonlinear
static analyses revealed that by increasing the applied
loads, the investigated structures are more susceptible
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to progressive collapse when they lose an internal
column. Three frames have been analyzed in [9] with
capacity design concepts taking into account shear ca-
pacity, flexural capacity and contribution from floor
reinforcement to beams. Maximum inter-story drift ra-
tios obtained from time-history analyses are plotted
against ground motion intensities. Results are statisti-
cally interpreted to develop cumulative distribution
functions for frames. Fragility curves are plotted for
damage states of conventional structures. Fragility
curves thus drawn are used to estimate the expected
annual loss (EAL) of low rise RC frames using quad-
ruple integral formula based on probabilistic financial
risk assessment framework. Depending on the extent
of damage, the fire resistance rating of the structure
could be significantly reduced.

The paper [10] is devoted to obtaining some quanti-
tative information about this topic, with reference to
steel moment-resisting frames, even if the adopted
methodology could also be extended to either different
structural types or structural materials. As a first step,
a simplified modeling of earthquake-induced
structural damage, based on the superposition of geo-
metrical and mechanical effects, is proposed. Then, a
wide numerical analysis is performed with reference
to a single-bay single-storey frame structure, allowing
the main parameters affecting the problem to be iden-
tified. Finally, two multi-storey plane frames, de-
signed in accordance with methods specified by
Eurocodes, are analyzed as a case study.

In [11] a numerical procedure has been developed to
model the sequences of failure which can occur within
steel beam-to-column connections under fire condi-
tions. In this procedure two recent developments, a
static—dynamic solution process and a general compo-
nent-based connection element, have been combined
within the software in order to track the sequence of
local failures of the connections which lead to struc-
tural progressive collapse in fire. In particular the pro-
cedure developed can be used to investigate the struc-
tural behaviour in fire, particularly the ductility and
fracture of different parts of the steel-to-steel connec-
tions, and the influence of the connections on the pro-
gressive collapse resistance of steel frames in fire.

In the component-based connection model, a con-
nection is represented as an assembly of “bolt-rows”
composed of components representing different zones
of mechanical behaviour whose stiffness, strength,
ductility and fracture under changing temperatures can
be adequately represented for global modelling.
The potential numerical instabilities induced by frac-
tures of individual connection’s components can be
overcome by the use of alternate static and dynamic
analyses. The transfer of data between the static and
dynamic analyses enables a seamless alternation be-
tween these two procedures to take place. Accuracy
and stability of the calculations can be ensured in the
dynamic phase, provided that the time steps are set
sufficiently small. This procedure has the capacity of
tracking the local failures sequence (fractures of con-
nection components, detachment and motion of disen-
gaging beams, etc.) which lead to final collapse.

Following an illustrative case study of a two-bay by
two-storey frame, the effect of ductility of connections
on the collapse resistance of steel frames in fire is
demonstrated in two case studies of a generic multi-
storey frame. It is shown that the analytical process is
an effective tool in tackling the numerical problems
associated with the complex structural interactions and
discontinuous failures which can affect a steel or
composite frame in fire, potentially leading to pro-
gressive collapse. It can be seen that both tensile and
compressive ductility in the connections make a con-
tribution to the fire resistance of the beams. Prevent-
ing the detachment of steel beams in fire can be
achieved by inducing greater ductility into their con-
nections. Combined with appropriate component-
based connection models, this procedure can be
adopted in performance-based fire-resistant design to
assess the ductility requirements of steel connections.
Detailed finite element modelling of key elements is
necessary to improve the robustness assessment of
structures subjected to a coupled effect of fire and
blast loads.

The paper [12] presents a method for a realistic
multi-hazard approach by studying the residual load
bearing capacity of steel columns under fire conditions
and followed by an explosion. The approach adopts
the use of a material constitutive law able to take into
account both the strain rate sensitivity and the thermal
softening. Explicit nonlinear dynamic analyses are
performed using the explicit commercial code.
Results show that the residual load bearing capacity is
influenced by the stand-off distance. The time of fire
loading at which an explosion is triggered is a critical
parameter as well. High strain rates in the typical blast
range are numerically obtained as a consequence of
explosions in the close proximity. A comparison with
the Eurocode approach is also reported. The results
can be of great interest to establish the initial condi-
tions that could potentially lead to the onset of pro-
gressive collapse in steel framed structures subjected
to a combined effect of fire and blast loadings.

A static push-down analysis [13] is conducted ex-
perimentally using a 1/3 scale one-story bare steel
moment frame substructure in this study. The objec-
tives of this test include: investigating the behavior of
bare steel moment frame under column loss scenario;
validating the computational models developed for the
purpose of investigating progressive collapse of steel
frame structures. The contributions of collapse resist-
ing mechanisms including flexural action and catenary
action to the robustness of the system as the increase
of the vertical displacement of the center column are
quantified. The test results reveal that flexural action
plays an important role in resisting progressive col-
lapse along the entire loading process. However, the
catenary action becomes the primary collapse resisting
mechanism in the final stage of loading. Dynamic re-
sponses of the test specimen are estimated using en-
ergy-based method. It is shown the test specimen be-
haves elastically subjected to sudden loss of the center
column and therefore progressive collapse will not oc-
cur. The dynamic increase factor is also estimated on
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the basis of the testing results. The analysis results
suggest that catenary action has a great impact on the
value of the dynamic increase factor under large de-
formation conditions.

At the same time, the problem of ensuring the sur-
vivability of structures in emergency situations has
been studied for a long time [14]. Substantial research,
conducted since about 1990, So, in [15] gives a
General analysis of this problem. As a result of these
studies, certain recommendations have been made for
certain types of structures concerning the establish-
ment of emergency parameters and constructive
measures to prevent "progressive" destruction.

Definition of unsolved aspects of the problem

In the literature, not enough disclosed questions on
the formulation of the term "survivability", not pre-
sented a single algorithm for calculating the surviv-
ability of building structures. Also, the literature does
not take into account the dynamic components of the
load on steel redundant frame.

Problem statement

The main problem in the work is the use of analyti-
cal methods in the study of approaches to determining
the survivability of steel statically indeterminate
frames in case of failure of individual elements. One
of the tasks is to consider common approaches to as-
sessing the risks of failure of structures and their cor-
responding strengthening.

Basic material and results

In the course of the study, the concept of "surviv-
ability" was defined. This property of the object to
maintain limited working capacity under influences
not provided for by the operating conditions, in the
presence of some defects and damages, as well as the
failure of some components of the object. As a rule,
all parts of the object and the object as a whole should
be calculated taking into account the limit States of
the first and second groups. When considering emer-
gency design situations, it is allowed to calculate only
the main load-bearing structures of category Al ac-
cording to the limit States of the first group.

The technical system has the ability of survivability
thanks to the built-in internal and external means of
ensuring survivability (means of performance control,
means of emergency protection). Survivability as an
internal property of the system can be manifested in
large external influences that are not provided for by
the conditions of normal operation and under normal
operating conditions, when there are failures of ele-
ments caused by operational defects, aging and other
factors.

The main bearing structures of the objects of the
classes of consequences (responsibility) CC3 and CC2
should be designed so that in an emergency the prob-
ability of avalanche (progressive) destruction, incom-
parably greater than the initial structural damage, is
sufficiently small.

According to the source, the survivability of build-
ing structures is defined as the preservation of the

bearing capacity or performance of structures in case
of failure of one or more elements. Under the surviv-
ability of the building is understood to exclude the
collapse of the entire building or its part with the sud-
den destruction of individual elements of the carrier
system from the action of explosive waves or strikes
when hitting vehicles, falling aircraft and other similar
cases. There are two types of collapse: progressive
collapse of the building and the loss of the overall sta-
bility of the building. Safety of building structures has
led to the study of the properties of survivability -
ensuring the stability of buildings and structures to
emergency actions, to progressive collapse [16].

The most common is the definition of survivability
properties as the system ability to adapt to emergency
situations, to resist harmful effects, while performing
its target function by changing the structure and be-
havior of the system. Depending on the degree of
complexity of the organization and the class of sys-
tems, as well as the level of analysis, the property of
survivability can be manifested (and, accordingly,
quantified) by the same indicators that characterize the
stability, strength, reliability, adaptability and others.
According to the main positions of the theory of sys-
tems at the solution of a question in probabilistic
statement the level of its survivability raises. This is
done by improving the reliability of the system.

Survivability models can be stochastic, within the
framework of the modern mathematical theory of reli-
ability, or deterministic, within the framework of ca-
tastrophe mechanics. The probabilistic model describ-
ing the survivability of the system is called "load-
strength" ("load - bearing capacity”, strength model).
Under the influence of an external load, the "strength"
of the system gradually decreases until the system
fails. External loads are described by a random func-
tion. For the rational justification of the damage mag-
nitude which the construction is steady to the last, the
necessary theory of risk, this enables to associate a
probability of damage certain value occurrence and
damage which may cause failure.

It is considered the survivability of building struc-
tures with possible destruction. According to [17],
survivability is understood as the property of an ob-
ject, which consists in its ability to resist the develop-
ment of critical failures from defects and damages in
the installed system of maintenance and repair, or the
property of an object to maintain limited performance
under influences not provided for by the operating
conditions, or the property of an object to maintain
limited performance in the presence of defects or
damages of a certain type, as well as in the failure of
some components."

There is no generally accepted term "structural sur-
vivability". Under the "survivability of the structure"
is proposed to understand its property to maintain the
overall bearing capacity at local destruction caused by
natural and man-made impacts, at least for some time.
This problem is directly related to ensuring the stabil-
ity of structures of buildings and structures of "pro-
gressive" collapse in beyond design basis emergency
damage and local structural damage. When designing
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critical structures, it is necessary to develop a system
of preventive safety measures that reduce the emer-
gency impacts risks. In addition, it is necessary to
identify the "key" elements of the supporting structure
which failure inevitably entails avalanche-like struc-
ture destruction, and to ensure the ability of such ele-
ments to perceive emergency effects without destruc-
tion.

Justification of the structures ability to withstand
"progressive" destruction is carried out on the basis of
calculation. The most accurate nonlinear calculation of
structures considers the actual operation of the mate-
rial and the system as a whole. Calculation of struc-
tures for resistance to "progressive" destruction is pro-
posed as follows. At the first stage, the design is cal-
culated at the operational stage (or in several installa-
tion and operational stages, considering the physical
and geometric nonlinearity. At the second stage, the
scheme is calculated with the elements removed from
work. The calculation is also carried out considering
the physical and geometric nonlinearity. If it turns out
that some elements of the model do not meet the con-
dition of strength (that is, they are destroyed), the cal-
culation continues in the same way in the next stage
without such elements. The calculation is completed
by complete destruction of the carrier system.

However, it should be noted that in most cases, to
prevent "progressive" destruction of the structure, it is
necessary to provide the carrying capacity of all its
elements in the initial emergency damage. In these
cases, the calculation is stopped at the calculation first
stage and the calculation second stage and "progres-
sive" destruction process modeling is not necessary.
The proposed method of calculation, in fact, is a com-
puter simulation of a critical situation and enables to
trace the adaptation of the structure to the new situa-
tion on the basis of changes in the design scheme.
The designer on the basis of this calculation is able to
identify a number of constructive measures to prevent
this type of destruction.

The example of calculation of a high-rise building at
local destruction caused by removal of an average
column is given. This calculation enables to ensure the
stability of the building structure to "progressive" de-
struction in case of emergency failure of building
frame one of the columns. This can be done by a small
increase in the percentage of reinforcement. Accord-
ing to the linear-elastic calculation, the number of lon-
gitudinal reinforcement of crossbars required for the
perception of emergency action and the loads applied
to its moment is about 3.5 times higher than the num-
ber of reinforcement necessary to ensure the bearing
capacity of crossbars at design loads and impacts.

As a result of the two-stage calculation of the frame,
taking into account the geometric and physical nonlin-
earity of the necessary reinforcement of the crossbars,
it turned out to be 29% less. One-stage nonlinear cal-
culation showed results similar to the results of two-
stage calculation, but the required number of rein-
forcement bars was 10% more. Thus, a careful calcu-
lation analysis of the load-bearing system of the build-
ing allows to reveal additional reserves of its load-

bearing capacity and with certain structural measures
that require some increase in material consumption, it
is possible to ensure the stability of the building to
"progressive" destruction. In addition, it is possible to
reduce the material intensity of the bearing structures
of the building by taking into account the beyond-
design emergency effects of those structures that in
the design state of the building, with minor deforma-
tions, are not load-bearing, and with significant de-
formations of the bearing system due to emergency
exposure, can be included in the work on the percep-
tion of the existing loads on the building.

Therefore, the sustainability of the constructions to
the "progressive" destruction is part of the General
problem of survivability of the structure. The problem
of fire resistance of load-bearing structures, as well as
the problem of meeting the requirements of seismic
resistance, even in the case of construction of critical
structures in areas with weak seismic activity, adjoins
here. Consider the concept of" survivability " for high-
rise buildings. High-rise buildings are buildings with
an increased level of responsibility, so ensuring their
reliable survivability is a priority. The survivability of
a high-rise building is provided by a number of fac-
tors: the right choice of the design scheme, measures
against progressive collapse, special techniques, fire
resistance, seismicity, the use of appropriate materials
and structures.

In high-rise construction, both traditional structural
systems (frame, frame, cross-wall) and special ones
used only in the construction of high-rise buildings
(trunk, box, "pipe in pipe" and their combination) are
used. The highest survivability of a high-rise building
is provided by the cross-wall system. In addition, this
system allows to achieve significant savings in mate-
rials of load-bearing structures [20]. This does not
mean that only the above-mentioned structural sys-
tems should be used for all high-rise buildings.
This problem should be solved individually in each
case, depending on the whole complex of architec-
tural, structural, installation and operational tasks.

To ensure the necessary survivability of a high-rise
building, it is necessary to take into account the prob-
ability of local destruction of its supporting structures,
which should not lead to a progressive collapse of the
building. The calculation of the stability of the build-
ing must be made on a special combination of loads,
taking into account the following schemes of local de-
struction: the destruction of two intersecting walls of
one floor in a circle of 80 m2; failure of columns (py-
lons) with the walls adjacent to them, on the same area
of local destruction; the collapse of the overlap of one
floor on the above area. In some cases other schemes
of local destructions can be accepted. In high-rise
buildings are dominated by monolithic and precast-
monolithic reinforced concrete floors, which are con-
nected with other load-bearing structures should pro-
vide for the perception of the weight of half the span
of the overlap.

Consider the concept of "survivability" of buildings
and structures. There are measures to ensure surviv-
ability in emergency situations that should be recorded
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in the project documentation and known to the per-
sonnel responsible for the operation of the facility, as
well as provided with appropriate instructions for su-
pervision and maintenance of structures.

The building structure and substrate should meet the
following requirements: to accept without damages
and deformations unacceptable impacts arising during
construction and within the prescribed period of op-
eration; have sufficient capacity to perform under
conditions of normal use during the entire installed
life, namely, their operational parameters (displace-
ments, vibrations, etc.) with a given probability should
not exceed the established regulatory or project docu-
mentation limits, and their durability should be such
that deterioration of materials and structures as a result
of rot, corrosion, abrasion and other forms of physical
deterioration did not lead to an unacceptably high
probability of failure; to have sufficient survivability
against local destruction and in compliance with the
standards of emergency situations (fires, explosions
and the like), excluding the progressive collapse phe-
nomenon, when the overall damage is much larger
than the initial perturbation that caused them.

The operating conditions components corresponding
to the normal operation of the object effect depending
on the equipment operation, atmospheric influences
and others. Hazardous impacts should be considered
throughout the construction and operation of the facil-
ity. The spatial unevenness and frequency of these
impacts should be considered in the assessment of im-
pacts. If hazards cannot be accurately predicted, it is
advisable to consider them for safety reasons [16].

The structural safety position of a construction ob-
ject imposes restrictions on the amount of the actual
risk of the buildings, structures and structures acci-
dent. To the main part of the situation applies to the
area of admissible values, the accident risk which
boundaries are regulatory and limits the risk of acci-
dents (Fig. 1). As long as the object accident actual
risk remains within that area, the level of structural
safety is considered sufficient.

The main purpose of the provisions introduction on
the accident risk magnitude is to ensure the construc-
tion projects maximum possible safe resource and ser-
vice life. The Figure 1 shows the whole set of standard
accident risk values (R,, Ry, 1 Ry). Therefore, if the
risk of accident inherent in the object before its com-
missioning, normative (R,), prevention of gross errors
in the operation of the object, the safe resource (Ts)
and service life (Tp) of this object is the greatest pos-
sible values, depending on the building structural type.
In the presence of the provision, a principal opportu-
nity is provided through planned examinations, during
which the actual risk (R,) is measured and changes as-
sociated with aging and wear are detected, and
through preventive measures (strengthening, repair,
etc.) that reduce the accumulated risk amount and cy-
clically increase the object safe resource (Fig. 1).

The object durability most significant indicators are
its safe resource. If at the end of a safe resource, repair
and restoration measures to reduce the risk of an acci-
dent at the facility are not carried out, then the value

(T-Ts) is the time of the dangerous existence of the
facility. However, during this period of life, the resis-
tance of the object overload is reduced and (T -Ts) re-
source use can lead to an accident, and hence to losses
that are disproportionately higher than the cost of pre-
ventive measures. Position on the accident actual risk
magnitude plays the role of the regulatory framework
in the implementation procedures of technical regula-
tion the accident risk for the purpose of extending the
safe service life of building objects. At the same time,
the greatest effect is achieved through the regulation
of the accident risk at the early stages of the object life
cycle - the design and construction stages - designated
in the law on technical regulation as declaration and
certification.
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Figure 1 — Possible risk of accident
and the resource object
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Figure 2 — Definition of safe risk taking
into account the cost of the object
in conventional units

Based on the economic feasibility, when deciding on
the implementation of strengthening structures, cost in
case of accident C, (loss) and cost of an object C,
should be analyzed. Therefore, the inequality should
be fulfilled

Cc,<C,. (1)

In case of structures failure (accident), the risk of
loss should not exceed the failure:

R<R,, ~C,, (2)

where R — the potential risk of failure of the structure;
R,,, — maximum allowable risk.
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Conclusions

As a result of the study, it has been found that the
survivability of steel statically indeterminate frames
can be increased by improving the reliability of
both individual elements and the system as a whole.
The resource of the object can be extended by
strengthening the failed elements. But it can be
done within the maximum permissible risk. It has
been proved that the cost of inspection and
strengthening is determined depending on the pos-
sible losses risk in case of failure (accident) and in
comparison with the object cost.

References

1. IBH B.1.2-14:2018. (2018). Cucmema 3abe3neuenns
Haoitinocmi ma Oesnexu 0yodisenvHux 06’cxmis. 3acanvhi
npunyunu 3abesnedents HAOIUHOCMI Ma KOHCMPYKMUBHOI
besnexu 6yoieens i cnopyo. Kuis: Minperionoyn YkpaiHu,
Vkpapx6yniadopm.

2. IBH B.2.2-24:2009. (2009). IIpoexmysanus ucomuux
orcumaosux i epomadcekux Oyounxie. Kuis: MinperionOyxn
VYkpainu, YkpapxOyaiadopm.

3. Avin, S., Wintle, C.B., Weitzdorfer, J., C)hEigeartaigh,
S.S., Sutherland, W.J. & Rees, M.J. (2018). Classifying
global catastrophic risks. Futures, 102, 20-26.

https://doi.org/10.1016/j.futures.2018.02.001

4. Yaghlanea, A.B. & Azaiezb, M.N. (2017). Systems un-
der attack-survivability rather than reliability: Concept, re-
sults, and applications. European Journal of Operational Re-
search, 258, 3, 1156-1164.

https://doi.org/10.1016/j.€jor.2016.09.041

5. Adama, J.M., Parisib, F., Sagasetac, J. & Lud, X.
(2018). Research and practice on progressive collapse and
robustness of building structures in the 21st century.
Engineering Structures, 173, 122-149.

https://doi.org/10.1016/j.engstruct.2018.06.082

6. Pushpalala, D. & Ogatab, K. (2014). The Role of Build-
ings in Disaster Risk Reduction: Focusing on the Great East
Japan Earthquake. Procedia Economics and Finance, 18,
483-488.

https://doi.org/10.1016/S2212-5671(14)00966-6

7. Liew, J.Y.R. (2008). Survivability of steel frame struc-
tures subject to blast and fire. Journal of Constructional
Steel Research, 64, 7-8, 854-866.

https://doi.org/10.1016/j.jcsr.2007.12.013

8. Rezvani, F.H., Yousefi, A.M. & Ronagh, H.R. (2015).
Effect of span length on progressive collapse behaviour of
steel moment resisting frames. Structures, 3, 81-89.

https://doi.org/10.1016/j.istruc.2015.03.004

9. Melani, A., Khare, R.K., Dhakal, R.P. & Mander, J.B.
(2016). Seismic risk assessment of low rise RC frame struc-
ture. Structures, 5, 13-22.

https://doi.org/10.1016/j.istruc.2015.07.003

10. Corte, G.D., Landolfo, R. & Mazzolani, F.M. (2003).
Post-earthq