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Theoretical determination of the law of motion of vibrating plate
at surface compaction of polymer concrete
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To theoretically determine the law of motion of a vibrating plate with polymer concrete, the dynamic system "vibration plate -
polymer concrete" was researched. The compacted polymer concrete in it is presented as a system with distributed parameters,
which takes into account the action of elastic and dissipative resistance forces from polymer concrete at its surface compaction.
In accordance with the accepted rheological model of polymer concrete, a partial derivative ratio between stress and defor-
mation is proposed for conditions of a uniaxial stress state. A vibration wave equation describing the motion of the compacted
polymer concrete was created. Its solution enables the determination of the law of propagation of elastic-viscous deformation
waves in polymer concrete.

Key words: vibrating plate, polymer concrete, vibrations, deformation.

TeopernuHe BU3HAYEHHA 3AKOHY PYXY BiOpaniiiHOI IUIUTH
NP NOBEPXHEBOMY YIIiJIbHEHHI MOJIIMEPHOr0 0€TOHY

Macios O.I'.!, Casenos JI.B.>, Bakyiaenko P.A3

! Kpemenuyipkuii HallionanbHuii yHiBepeuteT iMeni Muxaiina OcTporpajicskoro

2 KpeMeHUYIBbKHI HALIOHANBHUI YHIBEpcUTeT iMeHi Muxaiina OcTporpajachKoro

3 KpemeHuy1bKuii HallioHanbHUH yHiBEpCUTET iMeHi Muxaiina OcTporpajacbkoro
*Anpeca ais muctyBanHs E-mail: dvsavelov(@gmail.com

JIIs TEOpETUYHOTO BU3HAYCHHS 3aKOHY PyXy HOBEPXHEBOTO BiOpaIifHOro pobo4oro oprany 3 MojgiMepHHM OETOHOM BHKO-
HAHO JIOCITI/DKSHHS IMHAMIYHOT CHCTEMH «BiOpalliiiHa iTa — mojiiMepHuii 0eToH». Y NaHii qUHAMIYHIN CHCTEeMI YIUTEHIOBA-
HMI1 TOJIIMEpHUH OETOH YSIBICHUH Y BUIJIAI CUCTEMH 3 PO3NOIICHUMH [IapaMeTpaMu, sIKa BpPaXOBYE JIit0 IPYKHUX 1 JUCHIIa-
THUBHHUX CHJI OIIOPY, 1110 AiF0Th 3 00Ky MoJiiMepHOro OeToHy mpu Horo nedopmyBanHi y GopMi Ha )KOPCTKil OCHOBI. BinnosinHo
JI0 IPUHHATOT PEOIOTIYHOT MOJIENi HOJIIMEPHOTO GETOHY /JIsl yMOB OJTHOOCHOT'O HAIPY>KEHOT'O CTaHy 3allpONOHOBAaHA 3aJIeK-
HICTb y IPUBaTHHUX HNOXITHUX MIXK HaNpyXeHHsM 1 edopmariiero moniMepHOro 6eTOHY, XapakTep SKoi 3aJIeXKHUTh BiJl JUHAMIU-
HOT'O MOJYJIS IPYKHOT Aedopmarii, IMHAMIYHOTO MOAYIIs MPYKHOT Aedopmanii Makcesuia Ta koedilieHTa JUHAMIYHOT B 513-
kocTi. CKJ1aJIeHO XBUIIbOBE PIBHSAHHS KOJIMBAHb, SIKE OIMCYE MOLIUPEHHS MPYXKHO-B'SI3KUX XBHIIb AedopMmaltii y noniMepHOMy
6eToHi, 110 AeopMy€eTHCsI TOBEPXHEBUM BiOpaLiiHUM poOOYNM OpraHOM, PO3B’s3aHHS SIKOTO J03BOJIMIIO BU3HAUYUTH: 3aKO-
HOMIpHICTb NOMIUPEHHS MPYXKHO-B'I3KUX XBUIb e opmMaii y mosriMepHOMY OETOHI, [0 YIIUIBHIOETHCS, @ TAKOXK TEOPETHIHI
BUpAa3u IS YHCEILHOTO BU3HAYCHHS HABEICHHUX KOE(Illi€HTIB KOPCTKOCTI Ta JUCHIIATHBHOIO OMOPY MOJIIMEPHOrO OETOHY,
NpHUEIHAHOT MaCH; 3aKOH PYXY 1 aMILTITYy KOJIMBaHb BiOpauiitHOl IJIMTH, 8 TAKOX 3aKOHOMIPHOCTI pyXy IIOBEpXHEBOT'O IIapy
noniMepaoro Oerony. OTpUMaHi TEOPETHYHI 3aJIeKHOCTI J03BOJSIIOTE OOIPYHTOBAaHO BHU3HAYHMTH pALiOHAIBHI MapaMeTpu
BiOpaniifHoro po60o4oro oprany 3aJIeXKHO BiJ (i3HKO-MEXaHIYHUX BIACTUBOCTEH MOTIMEPHOTO OETOHY, IO YIIUILHIOETHCS, a
OTpUMaHi pe3yJbTaTH MOXYTh HaJali BUKOPHCTOBYBATHCS ISl MPOBEACHHS TCOPETUYHUX JOCIHIDKEHb JUIS aHAITHIHOTO
BU3HAYCHHS 3aKOHY 3MiHH Halpy)X€Hb, 110 BUHHUKAIOTh B YIIIILHIOBAHOMY ILIapi mojiiMepHOro OeToHy mpH BiOpauiiiHOMy
YLIUJIbHEHHI, a TAKOXX TIPH aHaJTi31 Ta CHHTE31 OTPUMAHOTO BiOPOYIapHOro pexkuMy poOOTH BiOPALiHHOT MITUTH.

Kurouogi ciioBa: BiGpaiiina minra, moiiMepHuii OeTOH, KOJIMBaHHS, fedopMalis.
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Introduction

At surface compaction of polymer concrete by a vi-
bration method, the vibrating plate of the working body
interacts with the compacted medium. At the same
time, the physical and mechanical characteristics of the
compacted polymer concrete have a significant impact
on the behavior of the dynamic system of vibration
equipment and the choice of its main operating param-
eters. Determination of the physical and mechanical
characteristics of the compacted polymer concrete will
make it possible to establish a rational law of motion of
a vibrating plate interacting with polymer concrete, to
assess the operating modes of a vibrating plate, to cor-
rectly select the technological parameters of vibration
action, the use of which will ensure effective compac-
tion of polymer concrete.

Review of the research sources and publications

At present, research has been carried out on the
process of vibration compaction of polymer concrete
on a vibrating plate with vertically directed vibrations
[1-5]. In papers [1, 2], a mathematical model of a dy-
namic system of a vibrating plate interacting with pol-
ymer concrete was created. As a result of the research,
analytical expressions were obtained to determine the
dynamic moduli of elastic deformation and the coeffi-
cient of dynamic viscosity of polymer concrete [3, 4],
the law of motion of the movable frame of the vibrating
plate and polymer concrete, depending on its physical
and mechanical characteristics, the amplitude and fre-
quency of forced vibrations and the height of the com-
pacted layers. In paper [5], the design scheme of the
dynamic system "vibrating working body - polymer
concrete" is substantiated.

For the effective operation of vibration compaction
equipment, it is necessary to accurately determine its
main parameters and modes of vibration action, depend-
ing on the physical and mechanical characteristics of the
compacted medium, which can be represented by vari-
ous types of rheological models [6-9]. In [1-5], the phys-
ical and mechanical characteristics of polymer concrete
compacted by vibration load are presented by the Zener
rheological model, which, along with reversible and ir-
reversible deformation, describes reversible highly elas-
tic deformation, which is most clearly manifested in me-
dia containing polymers [10-12]. At the same time, for
the most accurate description, polymer concrete is pre-
sented in the form of a system with distributed parame-
ters, taking into account its elastic and viscous properties.

Definition of unsolved aspects of the problem

All these results were obtained to determine the
rational parameters of vibration areas and cannot be ap-
plied to surface vibration compactors of polymer con-
crete.

Therefore, carrying out further theoretical research
aimed at accurately determining the law of motion of
vibration equipment for surface compaction of polymer
concrete, determining the modes of vibration impact
depending on the physical and mechanical characteris-
tics of the compacted material and the size of the prod-
ucts is a very topical task.

Problem statement

The purpose of this research is to theoretically deter-
mine the law of motion of the vibrating plate of the
working body during surface compaction of polymer
concrete.

Basic material and results

Determining theoretically the resistance forces acting
during surface compaction in the vertical direction
from the polymer concrete on the vibrating plate, let us
consider the design scheme of the dynamic system "vi-
brating plate - polymer concrete", in which polymer
concrete is presented in the form of a system with dis-
tributed parameters [4] (Fig. 1).

In the operating mode, the vibration plate 3 of the
working body, which is suspended on elastic shock ab-
sorbers 2 to the support frame 1, is subjected to the dis-
turbance in the form of a vertically directed harmonic
force QO sinax. As a result, vibrating plate 3 vibrates in
the vertical plane and vibrates the polymer concrete 5
in the mold 4. With this interaction, a stress state occurs
in the deformable layer of polymer concrete 5.

3/§:

1
2
3

=

C.

0x
u

WO Ox)ax

Figure 1 — Design diagram of the dynamic system
"vibration plate - polymer concrete':
1 — support frame; 2 — elastic shock absorber;
3 — vibrating plate; 4 — mold;
5 — polymer concrete; 6 — base

In accordance with the proposed rheological model of
polymer concrete [6], the relationship between stress
and deformation in polymer concrete has the form [1]:

ou(x,t)  (Ei+Ey o u(x,t)
x T\TE | oa

o(x,t)=E,

(an O u(x,1)
E, o’

where ofx,¢) — stresses arising in the compacted layer
of polymer concrete;

u and x — Euler and Lagrangian coordinates;

E and E, — dynamic modulus of elastic deformation of
polymer concrete;

1 — dynamic viscosity coefficient taking into account
internal friction in polymer concrete;

o — forced angular frequency; ¢ — current time.

(1
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Functional values of dynamic modules £}, E> and 7
based on the paper [4] can be found due to the following
expressions:

E, =Em-[l+ﬂ~((p—po)/(pk—p))z} . Q@
Ez:Eoz'[1+ﬂ'((/7_/90)/(/7k_P))Z:|a 3)

77=H1'x/(E1+E2) ) “)

where Eoi and Eo — dynamic modulus of elastic defor-
mation of uncompacted polymer concrete at an initial
density po (Eo1 =3.12 MPa, Ep, = 4.28 MPa);
4 and z — experimental coefficients taken accordingly
3.5and 3;
p — the current value of the polymer concrete density
corresponding to the applied dynamic load P, kg/m’;
/0 — initial density of polymer concrete, kg/m?;
prx — density of polymer concrete mixture under load
Py =40 MPa;
H, —reduced thickness of the compacted layer of poly-
mer concrete, taken depending on the vibration direc-
tion and the ratio between the wavelength of the dis-
turbance and the layer thickness [4].

Vibrations of polymer concrete layer in the direction
of the coordinate x in time 7 will be of the form [1, 2]:

oo (x,t 0% u(x,t
() 2utnn)

N P ®)

where p— polymer concrete density.

Substituting expression (1) into (5), we obtain the dif-
ferential equation of motion of the compacted polymer
concrete in the form [1]:

0%u(x,1) +77(E1 +E, J Du(x,0)

ox? E-E, ) ox*or ©
[ np ) Puety _((p) ulnn)
E-E,) of E ) o

To solve the wave equation of vibrations (6), we use
the following boundary conditions resulting from the
design scheme in Fig. 1:

atx=0:
2
—m—a u(g,t) —c3u(0,t)+E1F—auéO’t) +
X
2 3
N E +E, xr]Fa u(0,t) ( npF |0°u(0,) _ @)
E, oxor E, ) o
=—Qsin(wr)
atx=H:

u(H,t)=0, ®)

where m — vibrating plate mass;

c3 —coefficient of stiffness of elastic shock absorbers in
the vertical direction in the vibrating plate suspension;
F — vibrating plate bearing surface area;

Q — disturbing force amplitude;

H — height of the compacted layer of polymer concrete.

Boundary condition (7) describes the interaction of
the vibrating plate with the surface of the compacted
polymer concrete. Boundary condition (8) indicates
that the displacement of the compacted layer of poly-
mer concrete at a distance H from the surface of the vi-
brating plate is zero.

We represent the solution to equation (6) in the form
of the imaginary part of the complex number [1]:

u(x,t) = u(x)-e'”", 9)

where u(x) — complex vibration amplitude meeting the
boundary conditions for the design diagram shown in
Fig. 1.

Using the technique described in [1], we find a solu-

tion to equation (6) in the complex form:
u(x,t) — lB . e—(ik+a)~x +D- e(ik-%—a)'xJ' eia)~l‘ , (10)

where B and D — integration constants (complex ampli-

tudes) determined by boundary conditions (7) and (8).

The functional values of coefficients « and k are de-
termined in [1].

To determine integration constants B and D we sub-
stitute expression (10) into the boundary condition (8)
and, after transforming, we find the relation between
the complex amplitudes in the form:

e(ik+a)-H

e

Substituting the found value B from relation (11) into
expression (10), we find a solution to equation (6) in

the form:

(ik+a)y(H-x) | ~(ik+a)(Hx)

o tikra)H

u(x,t) = D{_ ¢ :Iei[”'t . (12)

Substitute expression (12) into the boundary condi-
tion (7). Based on (9) expression Q sinat in boundary
condition (7) can be represented as the imaginary part
of a complex function, namely Q sinat = Q &'
After the transformations, we get the following expres-

sion:
.3 (13)
2D-{sh[(ik+a)H]-(c3 —me* -2 ’DFJ—
E2

22

Transforming expression (13), we determine the inte-
gration constant D in the following form:

— chl(ik + o) H |(ik + a)F(El + ia)iy(

_0. o lik+a)H

0- oGkt H

(14)

" 2shf(ik + a)H(cs + ¢, —(m+m, ) +iob,)

where ¢, — reduced coefficient of compacted polymer
concrete stiffness;

m, — the reduced mass of compacted polymer concrete;
b, — reduced coefficient of dissipative resistance of
compacted polymer concrete:
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¢, = F{(Ela)sh(ZaHH [Elk T na)a(E 1; ! B sin(2kH)} Neh(2att) - cos(2kt )] ;

2

E +E
m, = Fkn(—l 2

2

Jsh(QaH)/a)-[ch(2aH)—cos(2kH)]

(15)

(16)

It follows from expressions (15) — (17) that numerical
values of coefficients c,, b, and m, will depend on the
area of the supporting surface F of the vibrating plate;
dynamic modulus of elastic deformation of polymer
concrete £; and E»; dynamic viscosity coefficient 7;
angular frequency of forced vibrations @; the height of
the compacted layer of polymer concrete H, vibration
absorption coefficient @ and wave number k. Substitut-
ing the value of integration constant D from (14) into
expression (11), we determine integration constant B:

Qe(ik+a)H

= -
2sh|(ik + ) H |
Qe(ik+a)H

(18)

X

(c3+¢, —(m+m,)o* +iwb,)

Substituting the found integration constants (14) and
(18) into dependence (10), we find in the complex form
the solution to the wave equation of vibrations (6),
meeting the boundary conditions (7) and (8):

_ Oshlik + a)(H — )™
- sh[(ik + a)H]
Osh|(ik + a)(H — x) |

(c3+¢, —(m+m,))o* +iwb,)

u(x,t)

(19)

Multiply the numerator and denominator of expression
(19) by a complex number (c3t+c,—(m+m,)w—iwb,),
after performing the decomposition of expressions
sh[(ik+a)(H-x)] in the numerator and sh[(ik+a)H] in
the denominator, and, separating the imaginary part of
the complex function from the obtained expression, we
get a solution to the wave equation of oscillations (6)
meeting the boundary conditions (7) and (8) in the fol-
lowing form:

u(x,t) = 4 x
\(shat coskt ) +(chat sin ki
x [shla:(H — x)]cos[k(H — x)]sin(wr — 0) +

+chla(H - x)]sin[k(H - x)]cos(ewt — 0)]

(20)

where 4 — amplitude of forced vibrations of the vibrat-
ing plate and the upper layer of polymer concrete:

i 0

\/[c3 +c,—(m+m, )w2]2 +a)2b,f

©@

1 Fl(Ek +noal(E, +E,)/ E,))sh(2aH ) (Ea— onk((E, + E))/ E, ))sin2kH )] Fo'p 1
[ch(ZaH )—cos(2kH )] E, | a7

O=¢ +¢, ; (22)
w-b,
¢ = arclg R (23)
cy+c,—(m+m,))o
@, = arctg(cth(aH ) -1g(kH)). 24)

Expression (20) describes the law of the polymer con-
crete motion compacted by a vibrating plate of the re-
searched dynamic system "vibrating plate - polymer
concrete" in the direction of the coordinate x depending
on the angular frequency of forced vibrations o, the
amplitude of the disturbing force Q, the thickness of the
compacted layer A and the current time value 7.

At x = 0 expression (20) describes the law of the vi-
brating plate motion of the surface vibrating working
body in the form:

u(0,t) = A-sin(wt — ;) . (25)

Taking into account the physical and mechanical
characteristics of the compacted polymer concrete
makes it possible to quite accurately determine the law
of motion of the vibrating plate and select the modes of
vibration action, which ensure the most effective com-
paction of polymer concrete. The obtained expressions
(15)-(17) enable the determination of the physical and
mechanical characteristics of polymer concrete in its
model representation, which can be used in the research
of complex dynamic systems.

Specific reduced weight m,,, as well as specific re-
duced coefficients of resistance b,, and rigidity c,, of
polymer concrete at vibrations of the movable frame of
the vibrating platform in the vertical direction is deter-
mined by dividing m,, b, and ¢, by the area F of the
base of the molded product:

n n C?’l
w = Th s by :7; Cny =0+

The theoretical provisions were tested on a laboratory
vibrating working body with the following main pa-
rameters: the mass of the vibrating plate m =75 kg;
disturbing force amplitude Q =4415 N; forced angular
frequency @ = 293 rad/s; stiffness of elastic shock ab-
sorbers ¢3 = 470880 N/m; the amplitude of vibrations
of the movable frame of the vibrating plate in idle mode
A =0.68 mm.

m (26)
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This vibrating working body was used to compact
polymer concrete in a mold being the size in plan
0.2x0.4 m?, of the following structural composition
[13]: crushed granite fraction 5-20 (50 % of the total
volume of the mixture), river sand with a fineness mod-
ule M; = 1.8 (22-27 %); marshal with fraction 0.05 mm
(10-15 %); polyester resin Filabond 2000 PA (5 %);
hardener MEKP-HA-2 (0,5...1 %).

Height A of the compacted layer was taken equal to
50, 60, 80, 100, 120, and 150 mm.

Figs. 4 and 5 show the change in the coefficients of
specific reduced stiffness c,, and dissipative resistance
b,y of polymer concrete with vertical vibrations of a vi-
brating plate depending on the relative density £and the
height of the compacted layer H.

The obtained data analysis reveals that the specific re-
duced stiffness coefficients significantly depend on the
compacted layer height A and relative density ¢ of the
polymer concrete. In this case, the specific reduced co-
efficient of dissipative resistance b,, at surface compac-
tion significantly depends on the relative density & of
polymer concrete and to a lesser extent depends on the
height of the compacted layer H.

Fig. 6 shows the change in the vibration amplitude of
the vibrating plate 4 depending on the relative density
¢ and the compacted layer height H.

E, Pa
15
10 y
NE2_
5 —— ™

0() 02 04 06 038 £
Figure 2 — Change in dynamic moduli
of elastic deformation of polymer concrete
E1 and E: depending on the relative density ¢

n, N-s/m
400 4
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§4¥5
200 ——— - 4
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Figure 3 — Change in the coefficient of dynamic
viscosity 77 depending on the relative density &
and the height of the compacted layer H:

1 —at H=50 mm; 2 — at H =60 mm;

3 —at H=80 mm; 4 — at H =100 mm;
5—at H=120 mm; 6 — at H =150 mm
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Figure 4 — Change in the specific reduced
stiffness coefficient c,y of polymer
concrete depending on the relative density &
and the compacted layer height H:

1 —at H=50 mm; 2 — at H =60 mm,;

3 —at H=80 mm; 4 — at H =100 mm,;
5—at H=120 mm; 6 — at H =150 mm
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Figure 5 — Change in the specific reduced
coefficient of dissipative resistance b.y of polymer
concrete depending on the relative density ¢
and of the compacted layer height H:

1 —at H=50 mm; 2 — at H =60 mm;

3 —at H=80 mm; 4 — at H =100 mm,;
5—at H=120 mm; 6 — at H =150 mm
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Figure 6 — Change in vibration amplitude 4
of a vibrating plate depending on the relative
density ¢ and the compacted layer height H:
1 —at H=50 mm; 2 — at H =60 mm;
3 —at H=80 mm; 4 — at H =100 mm;
5 —at H=120 mm; 6 —at H =150 mm
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Curves in Fig. 6 show that the physical and mechani-
cal characteristics of polymer concrete and the com-
pacted layer height H have a significant effect on the
vibration amplitude 4 of the vibrating plate.

With an increase in the thickness of the compacted
layer H from 50 to 150 mm and the relative density ¢ of
polymer concrete, the vibration amplitude of the vibrat-
ing plate decreases.

At the very beginning of the vibration compaction
process with the values of the layer heights H 50 and
60 mm and relative density ¢ from 0 to 0.5 there is a
decrease in the vibration amplitude 4 of the vibrating
plate, respectively, from 1.01 to 0.82 mm and from 0.93
to 0.82 mm. With a further increase in the relative den-
sity ¢ from 0.5 to 1 there is a significant decrease in the
vibration amplitude 4 of the vibrating plate, respec-
tively, to 0.23 and 0.27 mm.

During vibration compaction of polymer concrete of
the specified composition with a layer thickness of 80,
100, 120, and 150 mm at a relative density ¢ from 0 to
0.5, a smoother decrease in the vibration amplitude of
the vibration plate occurs. For the specified values ¢ the
vibration amplitude changes from 0.83 to 0.76 mm at
thickness H =80 mm; from 0.77 to 0.71 mm - at
H =100 mm; from 0.72 to 0.67 mm at # =120 mm and
from 0.66 to 0.62 mm at H =150 mm. With a further
increase in the relative density ¢ from 0.5 to 1 there is a
significant decrease in the vibration amplitude 4 of the
vibrating plate to 0.39 ... 0.33 mm.

The obtained results make it possible to conclude that
at the very beginning of the vibration compaction pro-
cess at a relative density ¢ from 0 to 0.5 vibrating plate

Conclusions

A physical and mechanical model has been developed
as a result of theoretical research of the dynamic system
"vibrating plate - polymer concrete". Polymer concrete
is presented in it as a system with distributed parame-
ters. The model enables rather accurate determination
of elastic and dissipative forces acting from polymer
concrete on a vertical vibrating plate moving in the ver-
tical plane. The law of the vibrating plate motion of the
working body is established depending on the found
physical and mechanical characteristics of the com-
pacted polymer concrete, the angular frequency of
forced vibrations, and the thickness of the compacted
layer.

works in vibration mode. When this operating mode is
implemented, the vibrating plate does not detach from
the surface of the compacted layer of polymer concrete.

With a further increase in the relative density & from
0.5 to 1 the dynamic system goes into the vibration-im-
pact operation mode, in which the vibrating plate
breaks off from the surface of the compacted layer of
polymer concrete and moves in the air until the next
impact. In this case, it is advisable to further research
the discrete vibroimpact mode of operation of the vi-
brating plate interacting with the compacted plate, rep-
resented by the found physical and mechanical charac-
teristics.

Thus, based on the study of the propagation of defor-
mation waves in compacted polymer concrete, pre-
sented in the form of a system with distributed param-
eters, theoretical expressions were obtained to deter-
mine the physical and mechanical characteristics of the
compacted medium (polymer concrete): stiffness and
dissipative resistance coefficients. These coefficients
make it possible to accurately determine the main pa-
rameters of the vibrating working body for surface
compaction of polymer concrete, take them into ac-
count in the expression to establish the law of motion,
and determine rational modes of vibration impact on
polymer concrete, depending on the type of polymer
concrete and its relative density, the height of the com-
pacted layer, the vibration frequency and the amplitude
of the disturbing force.

The obtained theoretical expressions make it possible
to reasonably choose the rational parameters of the
working body for surface vibration compaction of pol-
ymer concrete.

The found results can be used in theoretical research
on the analytical determination of the law of change in
stresses arising in the compacted layer of polymer con-
crete, as well as in the analysis and synthesis of the ob-
tained vibro-shock operation mode of the vibrating
plate.
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The influence of the lever fixturing of the vibration exciter
on the overall efficiency of concrete-mix vibration
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The article presents the design of the compaction table with the option of fixing the vibration exciter on the lever, providing
that there is free space under it (when fixing the compaction table on the supporting structure above the floor line). The authors
have conducted research on a specially created research model, aimed at determining the dependence of the amplitude of
vibration on the lever length, on which the vibration exciter is fixed, and on the load on the moving member of the compaction
table. A research model of the compaction table with lever fixturing of the vibration exciter was created in order to conduct
research and obtain measurement results. The results of the conducted research have shown that with increasing the length of
the lever, on which the vibration exciter is fixed, the values of the shock pulses acting on the vibratory plate increase accord-
ingly, and the increase in the load leads to the decrease in the magnitude of the shock pulses. The obtained results provide an
opportunity to reduce energy consumption in production and to continue further research in this study area.

Keywords: concrete mixture, resilient support, spatial vibrations, vibration exciter, vibration amplitude, vibration compaction,
vibration platform

BB Ba:KiJIbHOIO 3aKpinuieHHs BiOPO30yaKyBada
Ha 3arajbHy eQeKTHBHICTH BiOpPOyIIiIbHEHHSA

Kopo6ko 5.0."*, Koporuu }0.10.”

! Hauionanbhuuii ynisepcuter «IlontaBebka nosnitexuika iveni FOpist KongpaTiokay
2 HanjonaneHuii ynisepcuret «Ilonraschka nositexnika imeni I0pis Konaparroka»
*Anpeca s muctyBanHs E-mail: korobko@pntu.edu.ua

V crarTi po3risiHyTa KOHCTPYKILS BiOPOCTOITY, Y SIKOTO 33 HassBHOCTI BUIBHOTO MPOCTOPY i HUM (IpH 3aKpimuieHHi BiOpoc-
TOJIy Ha KapKaci BHIIE IUTOIIMHY ITi/UTOTH) BUHUKAE MOXKIMBICTh 3aKpIIUIEHHs BiOp0o30y/KyBada Ha Baxeni. Baxins 3 BiOpo3-
OyIKyBadeM 3aKpIINTIOETECS BEPTUKAIBHO ITiJT BIOPOILIUTOIO 1O HEHTPY 3HU3Y. [IpuBoauThCs omuc podotH BiOpocToy npu
Iii Ha HBOTO BaXIJIBHOTO 3aKpiruieHHs BiOpo30ymxyBada. Hanani kineMaTnaHa cxeMa BiOpOCTOITY 3 BaXKUIBHUM 3aKPIIUICHHIM
BiOp0O30yKyBaUa Ta po3paxyHKOBa CXeMa BU3HAUEHHs BiOPOKOIMBaHb Ha BiOporumrTi. JlaHa KOHCTPYKIis BiOpocToiry Oyna
CTBOpEHA y BUIIISAI fociiaHoi Moeri. Ha Hi 3a 7omoMororo BUMIpIOBaIbHOTO 00IaiHAHHS IPOBEACHI HOCHIPKSHHS, METOIO
sIKuX OyJI0 BUSIBJICHHS BIUIMBY Ba)KiIbHOTO 3aKpilIeHHs BiOp030ymKyBada Ha BiOPOYILIIbHEHHSI, @ CaMe ICHYBaHHS 3aJIe)KHO-
CTi aMIUTITYyAM BiOPOKOJIMBAaHb Bijl TOBXKHUHU BaXKellsl, HA SIKOMY 3aKpiIUIeHHI BiOp0o30yKyBad, Ta BiJf HABAHTAXKCHHS HA Py-
XOMY 4acTuHy BiOpocrtoiy J{oBxuHa BaxKiisl MmiJ Yac eKCIepUMEHTY 3MiHIoBajacs noctymnoso Bix 0 10 150 MM, a HaBaHTa-
JKEHHS TaKoXK 301LIbIIyBasIoch mocTynoBo Bifg 0 no 0,36 kr mpu moctiiiHiii nomxuni Baxinst 150 mm. Ha 6asi pesynbrariB
JOCII/IIB Ta OTPUMAaHHX NOKA3HHKIB OOy n0BaHi Tpaiky 3a1€XKHOCTI BEIMYIHN yAApPHUX IMITYJIBCIB BiJl JOBXKUHU BayKels Ta
BiJl HABAaHTA)KCHHS Ha BIOPOCTLN. Pe3ynpraTé mpoBeaeHuX JOCIIPKEHb ITOKa3yIOTh, IO IPH 301IBIICHH] JOBKHHY BAXLIS, HA
SIKOMY 3aKpITUTIOEThCS BIOpO30yxKyBad, BiIOBIIHO 30LIBIIYIOTECS 3HAUEHHS yJapHUX IMITYJIECIB, IO AIIOTH HA BIOPOILIUTY,
a 301IbLICHHS] HABaHTA)KEHHSI Ha BiIOPOIUTHTY MPUBOAUTD 10 3MEHILICHHS BEIMYUHH YIAPHUX iMITybciB. OTprMaHi pe3yabTaTi
BKa3yIOTh Ha Te, 1[0 33 PaXyHOK MMOKPAIICHHs BiOPOYIIINbHEHHS BiJl 3MiHH aMIUTITYJ{ € MOXJIMBICTh 3a0IIaANTH SHEPrOBH-
TpaTH NpH BUPOOHUUTBI. JlaHi pe3y/bTaTh TaKoXK AAl0Th NEPCIEKTUBY I IPOBEACHHS IOJAJIBIINX AOCHIIDKEHb Y HAIPAMKY
MOKpAIIEHHS eHeproeeKTUBHOCTI Ta 3arajbHOi eeKTUBHOCTI BiOPOYIIIIbHEHHSL.

KuarouoBi cioBa: amiuniTyna BiOpokosBaHb, OCTOHHA CyMiml, BiOpo30ymKyBad, BiOPOCTLNI, BiOPOYIIiIbHEHHS, IIPOCTOPOBI
KOJIMBaHHS, IIPYXKHS OIOpa
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Introduction

Concrete mix compaction is one of the most respon-
sible operations in the manufacture of concrete and re-
inforced concrete products. As far as concrete-mix vi-
bration is widely used in the construction industry, the
process of its application has been considered by a
number of authors [1-5]. In other words, it can be said
that the manufacture of construction products without
vibration compaction is not carried out at all [6,7].
Therefore, the manufacturing application of the design
of the vibratory compactor, which, at limited metal in-
tensity has the appropriate characteristics of vibration
compaction, is an urgent challenge [8]. The ability of
the vibratory compactor to transmit the appropriate
level of vibration compaction to the concrete product
without significantly complicating its design is closely
related to the reduction in the time of vibration compac-
tion. With the increase in electricity prices, reducing the
operating time of the electrical part of the device leads
to electricity savings. Therefore, the creation of an en-
ergy-saving vibratory compactor is the task that must
be solved, first of all in order to reduce the cost of con-
crete products.

Review of the research sources and publications

The manufacture of concrete and concrete products is
regulated by standard specifications and engineering
standards [9-13]. Compaction tables for paving flags
are widely used in the production of small-scale con-
crete products [14]. The structure consists of movable
and immovable frames. The immovable frame serves
as the basis of the vibration exciter. The movable frame
is installed on an immovable frame through vibration-
damping springs. A mechanical vibration exciter, the
axis of rotation of which is located parallel to the plane
surface of the frame, is rigidly mounted directly to the
lower plane of the movable frame. Plastic molds, pre-
liminarily filled with concrete, are installed on the up-
per plane of the movable frame. Plastic molds are made
with a profile, which is provided to future products.
When the vibration exciter is brought into action, the
vibrational oscillations from it are transmitted directly
to the plastic molds, in which concrete-mix vibration
takes place. The movable frame is held due to vibra-
tion-damping springs, which transmit gravitational
forces to the immovable frame.

There is also a vibration machine for the formation of
small-scale concrete and reinforced concrete products
[15]. In design, it coincides with the previous model
[14], but the axis of rotation of the vibration exciter is
located at an angle of 30 degrees to the plane of the
movable frame. Such location of the axis of the vibra-
tion exciter allows changing the direction vector of vi-
bration oscillations pertaining to the plane of reinforced
concrete products, which improves the conditions of
their vibration compaction. However, direction change
of vibration does not allow to reduce the energy con-
sumption of the vibration compaction process.

Definition of unsolved aspects of the problem

One of the main problems in mechanical engineering,
which constantly needs to be solved or improved, is the
problem of energy conservation [16].

Vibration-damping springs reduce the amplitude of
vibration oscillations, especially in the area of their lo-
cation. This requires increasing the power of the vibra-
tion exciter to achieve the required values of vibration
oscillations [17].

Problem statement

The main task is to create conditions for increasing
the amplitude of vibration vibrations without signifi-
cantly complicating the design of the compaction table
in order to improve the compaction of construction
mixes and reduce energy consumption.

For this purpose, the authors offer the effective model
of a compaction table with lever fixturing of the vibrat-
ing exciter in free space under a vibrating plate. It is
necessary to conduct research on a specially created
bench tester and then to estimate the efficiency of the
offered installation (model) based on the obtained re-
search results.

The purpose of this study is to identify the depend-
ence of the amplitude of vibration on the length of the
lever, on which the vibration exciter is installed.

It is assumed that with increasing the lever length, the
amplitude of vibration will increase.

It is also necessary to confirm the effectiveness of the
proposed design of the compaction table depending on
the load level. It is planned to conduct the study of the
load capacity of the structure, which would determine
the dependence of the amplitude of vibration oscilla-
tions on the load on the moving part of the compaction
table.

Basic material and results

The formulated problem is solved due to the lever fix-
turing of the vibration exciter 3 relative to the vibro-
plate 1 (see Fig. 1).
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Figure 1 — Kinematic scheme of the compaction ta-
ble with lever fixturing of the vibration exciter
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Vibroplate 1 is fixed on the elastic supports 5 and 6.
Under the bottom of the compaction table, in its middle
(point A), lever 2 is rigidly fixed at the angle of 90 de-
grees. The lever length £ is determined by the height of
frame 4 of the compaction table, and the increase in its
length € may affect the change of the amplitude of vi-
bration. The operation of the compaction table with the
lever fixturing of the vibration exciter is as follows. The
vibration exciter is an electric motor with an eccentri-
cally fixed load. When the electric motor shaft of the
vibration exciter rotates, the vibrating exciting force is
directed in the radial direction and changes it circle-
wise within 360 degrees. For example, let us consider
the instantaneous horizontal direction which is shown
in Fig.1. We present the compaction table with the lever
as a braced structure. The vibration direction on the vi-
broplate 1 at the anchorage point of the fixturing of the
elastic support 5 is as follows. The horizontal compo-
nent Fr is transmitted from the horizontal force of the
vibration exciter F3. But, in addition to the horizontal
component Fr, there is a vertical component F, whose
operation is conditioned by the lever fixturing of the vi-
bration exciter. When considering the rotation of the vi-
broplatform with the lever with respect to the point
“A”, the horizontal force of the vibration exciter F3 tries
to rotate the vibroplate with respect to the point “A” and
causes the occurrence of the specified vertical force
component FB, the value of which increases with in-
creasing the length € of the lever 2. The joint action of
forces FB and Fr in general, through the single-sided
support of the vibration exciter, significantly increases
the value of vibration not only for the horizontal direc-
tion of the F3 force but also for all 360 degrees of di-
rection.

Figure 2 — Calculation scheme for determining
vibration oscillations on the vibroplate

The compaction table with the lever fixturing of the
vibration exciter, which contains the vibroplate (1),
elastic supports (5,6), the frame of the compaction table
(4), the vibration exciter (3), is characterized by the
availability of the lever (2), which is rigidly fixed to the
vibroplate (1). The vibration exciter (3) is fixed on the
lever (2), the lever fixturing of the vibration exciter (3)
causes an increase in the component values of vibration
oscillations on the entire plane of the vibroplate (1).

Let us consider the relationship between the exciting
force of the vibration exciter F3 (see Fig. 2) and the val-
ues of vibrations on the vibratory plate in the place of
fixing the spring-controlled vibration-damping spring —
the point “C”.

Let’s say that the vibroplate with a lever is a braced
structure. The vibroplate on the perimeter is in resting
contact upon flexible supports and has the possibility of
free motion in any direction. Put the case that the spec-
ified braced structure conditionally rotates with respect
to the point of attachment of the lever to the vibroplate
(point “A”). Therefore, we have indicated the point “A”
as an instantaneous fulcrum point (Fig. 2). The axis of
the vibration exciter is located parallel to the plane of
the vibroplate and is defined by the point “O”. When it
rotates with an angular velocity w, the centrifugal ex-
citing force F3 arises. In Figure 2, some points of the
gravitational center of the unbalanced load of the vibra-
tion exciter are marked as 1-4. The instantaneous excit-
ing force F3 is applied at these points. For example, let
us consider the instantaneous position of the gravita-
tional center of the vibration exciter at point “4”. In this
position, the action of the exciting force F3 causes a
burst of the vertical component of the force FB over the
flexible support at the point “C”. Its value can be deter-
mined by the formula through the ratio of the length of
the fastening levers:

F=F.Ub; (1)

From the analysis of formula (1) it is apparent that
with increasing lever 1 length, the vertical component
of the force FB increases in direct proportion. Assuming
the actual size of the experimental vibration exciter,
namely: / = 0; 0.025; 0.05; 0.075; 0.1; 0.125; 0.15 m
(seven variable sizes); b = 0.2 m; F. = 0.64 H, we have
constructed a theoretical graph of the change in the val-
ues of shock pulses depending on the lever length of the
vibration exciter (see Figure 6). In this graph, we have
presented not the values of the vertical component of F,
force, but the values of shock pulses in the dimension
of decibels (dB) caused by the FB force. The change of
the values of the dimension of the force “H” into the
dimension of the shock pulses “dB” was carried out
based on table 6 [18]. We need a dependency graph in
the specified dimension to further compare the theoret-
ical values of vibration pulses with their practical meas-
urements.

An experimental model of a compaction table with a
lever fixturing of a vibration exciter was created in or-
der to conduct research and obtain measurement results
(see Fig. 3, 4).

The experimental model is a compaction table with a
reduced scale of 1:10. The vibroplate is placed on the
metal frame with four frame legs by means of elastic
supports. Below it, in the center, we have rigidly fixed
the vertical lever, to which we have connected a vibra-
tion exciter, which is an electric motor with an eccen-
trically fixed load. The lever length can vary within 0O;
50; 100; 150mm. The vibration exciter is actuated by
an electric power supply.
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Figure 3 — An experimental model
of a compaction table with a lever fixturing
of a vibration exciter
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Figure 4 — An experimental model
of a compaction table with leverless fixturing
of the vibration exciter

The ISP-1 vibrometer (see Fig. 5) was used for meas-
urements, with the help of which we obtained the val-
ues of shock pulses (dB) at the test points of the exper-
imental model of the compaction table.

Figure S — The ISP-1 vibrometer for measuring
the values of shock pulses (dB) at the test points
of the experimental model of the compaction table

In the first study, the measurements were performed
as follows.

The place for measurements was chosen on the upper
plane of the compaction table, at the point above the
vibration-damping spring. At the beginning of the
study, the vibration exciter was fixed leverless (/ = 0),
it was actuated and the obtained indicators of shock
pulses in dB were taken. Then the lever length varied
in the above-mentioned ranges from 0 to 150 mm and
the appropriate experimental parameters were received
as well.

Based on the results of the carried experiment and the
obtained indicators, we constructed a graph of the de-
pendence of the magnitude of shock pulses on the
length of the lever, on which the vibration exciter is
fixed (Fig. 6).

a, nb
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Figure 6 — Value change graph of shock pulses

a (dB) depending on the lever length, fixturing

the vibration exciter 1 (mm), relationships ratio:
1 - theoretical, 2 - experimental

From the analysis of the ratio, presented in Figure 6,
the following conclusions can be drawn. The lever lo-
cation of the vibration exciter confidently increases
pulse amplitude, which is confirmed both theoretically
and practically. The discrepancy between theoretical
and practical results, in our opinion, is due to the fact
that the theoretical curve has been obtained without ref-
erence to the weight of the vibroplate and has higher
values than the experimental one. This encourages us
to develop a theoretical model that would take into ac-
count the weight of the vibroplate.

In the second study, we considered the dependence of
the vibration oscillations amplitude on the load on the
moving part of the compaction table at the optimal lever
length / = 150 mm. The load was gradually increased,
changing the weight of the moving part of the compac-
tion table. The weight of the moving part of the com-
paction table was increased by placing additional load-
ing weighing 0.12; 0.24 and 0.36 kg. Values indicators
of shock pulses were measured, as in the first study, on
the upper plane of the compaction table at the point
above the vibration-damping spring (Fig. 7).

Based on the obtained results, we constructed the
graph of values’ variance of shock pulses depending on
the load on the moving part of the compaction table
(Fig. 8).
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Figure 7 — Experimental model
of a compaction table with lever fixturing
of the vibration exciter under load

a, nb
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Figure 8 — Value change graph of shock pulses
a (dB) depending on the load on the compaction
table weighing Q (kg)

Conclusions

The results of the research show that with increasing
the length of the lever on which the vibration exciter is
attached, the values of the shock pulses acting on the
vibro plate increase accordingly. That is, without
changing the electric driving power, it is possible to in-
crease the amplitude of vibration with the length of the
lever for fixturing the vibration exciter.

It has been confirmed that increasing the load on the
moving part of the compaction table leads to a decrease
in the current amplitude of vibration oscillations. This
factor must be taken into account in the production of
concrete products, assigning operational and techno-
logical parameters of the proposed design of the com-
paction table.

Having considered the advantages of the proposed
compaction table design, we found out the vibration ex-
citer can be fixed on the lever when there is free space
under it (when fixing the compaction table on the frame
above the floor plane). The lever fixturing of the vibra-
tion exciter allows increasing the amplitude of vibra-
tion oscillations on the compaction table with a slight
increase in steel intensity. This has got a positive effect
on improving the quality of vibration compaction of
concrete products with an overall reduction in energy
consumption.
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The buildings and structures reliability and safety largely depend on a proper understanding of the nature and quantitative
description and rationing of loads on building structures, including crane loads. Most of the parameters of the crane load codes
have a probabilistic nature and require the use of statistical methods to substantiate them. These methods are constantly chang-
ing and evolving together with the regular revision of building design codes. Analysis of domestic codes' evolution of crane
load together with their statistical substantiation is an urgent task, which is this article's purpose. Since the late 1930s, leading
construction research institutes and universities have conducted research on crane loads, which results have been consistently
incorporated into design codes. Giving an overall assessment of Ukrainian crane loads standards, it should be emphasized that
they are compiled on a modern methodological basis, close to European standards Eurocode, based on representative statistics,
more differentiated, and have a scientific probabilistic nature.
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Po3BUTOK HOPM KPAaHOBUX HABAHTAKEHb
HA OCHOBIi €KCIIEPUMEHTAJIBLHUX J0CJiTKEeHb
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3abe3neueHHs HaAiitHOCTI Ta Ge3aBapiitHocTi OyAiBelNb 1 COPY/ Y BENMMKiN Mipi 3aJ1€XKUTh Bil NPAaBHIBHOTO PO3YMIHHS IIPH-
poau i KUIBKICHOTO OIKCY Ta HOPMYBaHHSI HABaHTAXXCHb Ha OYAiBENIbHI KOHCTPYKIIiT, B TOMY YHCII KPAaHOBHX HaBaHTa)XCHb.
L1i HaBaHTa)KCHHs Ha BUPOOHMYI CHOPYIM MAIOTh JOCHTH CKIAaAHy (i3HYHY MPHUPOLY i MIHIMBHI XapakTep, 10 BUMaraioTh
3HAHHS KOHCTPYKTUBHHX BIJIMIHHOCTEH MOCTOBHX Ta IiJIBICHHX KPaHIB, KIHEMATHYHHX Ta JUHAMIYHUX MPOIIECIB, IO pealri-
3YIOTBCS IPU POOOTI KpaHiB, OCOOINBOCTEH TEXHOJIOTIYHUX IPOIIECIB, IO Bi0YBAIOThCS y BUPOOHUUNX IeXax, SIKi 00CIyro-
BYIOTBCS IITHOMHUMH KpaHaMu. Taki 0coOIMBOCTI y MeBHil Mipi BijoOpa)xaloThCsl B pO3/iIax HOPM IPOEKTYBaHHS OyIiBe-
JBHUX KOHCTPYKLIMH, [0 MiCTSATh HOPMAaTHBH KPAaHOBOTO HaBaHTa)XCHHs. BUIbLIICTh mapaMeTpiB HOPM KPaHOBOTO HaBaHTA-
JKCHHsI MalOTh IMOBIPHICHY NPHUPO/Y i BUMArae [uisi CBOro OOIPyHTYBaHHS 3aCTOCYBaHHS CTaTUCTHYHUX MeToAiB. L{i meTonun
MOCTIHHO 3MIHIOBAIUCS 1 PO3BUBAINCS PAa30M 3 PETYISIPHUM IMEPEriIsaoM HOPM OyAiBeNbHOTO HNPOEKTyBaHHs. ToMy aHaui3
€BOJIIOLT BITYM3HAHNX HOPM KPaHOBOTO HaBaHTaXKEHHS Pa30M 3 iX CTATUCTHYHHMH OOIPYHTYBAHHAM € aKTYaJIbHOIO 33/1a4elO.
Marepianu, OpUCBAYCHI KPAHOBUM HaBaHTa)KECHHSM, OIyOJIiKOBaHI B Pi3HUX HAYKOBO-TEXHIUYHMX JKypHaiax, 30ipHHKaX CTa-
Te, Marepianax koHdepeHniil. CTaTTs MICTUTh CHCTEMAaTH30BaHUH OIS HOPM IPOEKTYBAHHS Ta ITyOiikamiil mo mpooiemi
KpaHOBOTO HaBaHTakeHHS 3a 90-piunmii mepion 3 30-x pokiB XX CTOJITTS [0 TENEpilIHBOro Yacy. ['onoBHa yBara mpuaiis-
€TBCSI QaHANI3y TEHACHIII PO3BUTKY HOPM IIPOEKTYBaHHS KOHCTPYKIIH B YaCTHHI 3MIH PO3paxyHKOBHUX KoedilieHTiB, mpu3Ha-
YEeHHs. HOPMATHBHHX 1 PO3PaXyHKOBUX 3HAUCHb KPAHOBOTO HABAHTAXKEHHS 1 3aJIy4EHHS JI0 bOTO JOCTITHUX CTATHCTHYHIX
naHux. BinzHadaerscs Bucoknit HaykoBHi piBeHb BiTun3HsHUX HOpM JIBH B.1.2-2006 «HaBaHTa)KeHHS 1 BIUTUBI, SIKi MalOTh
CyJacHUii iMOBipHiCHHI 6a3uc i acoLioThCs 3 HOpMaMu €BpoKOA. BUIisiIoThCS HayKOBi pe3yabTaTd, U0 MOXKYTh OyTH
BKJIFOYEHHMH B HACTYITHI HOPMH KPaHOBOTO HABAHTA)KCHHSI.

KorouoBi ciioBa: HoOpMu OyIiBEIEHOTO NMPOEKTYBAHHS, MOCTOBHM KpaH, MiBICHUH KpaH, KPaHOBE HAaBAHTAXKECHHS, HOPMATH-
BHE HaBAaHTA)KCHHS, PO3PaxXyHKOBE HABAaHTa)KCHHS
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Introduction

Lifting and transport machines are indispensable ele-
ments of any sphere of the economy. The technological
process of most manufacturing enterprises is associated
with the need to mechanize operations for vertical and
horizontal goods transportation with a wide range of
weight. This mechanization, along with other vehicles,
is carried out by means of a bridge (support) and over-
head cranes, which are special devices that move with
loads along and across the shop. Ensuring the reliability
and safety of buildings and structures largely depends
on a proper understanding of the nature and quantitative
description and rationing of loads on building struc-
tures, including crane loads. Loads from cranes can be
significant; they have a variable dynamic nature and
have a significant force on the structure of industrial
buildings. These features are reflected in the sections of
building structure design codes that contain codes for
crane load. Most of the crane load code parameters are
probabilistic in nature and require the use of statistical
methods to substantiate them. These methods are con-
stantly changing and evolving together with the regular
review of building design standards. Analysis of the
evolution of domestic codes of crane load together with
their statistical substantiation is an urgent task.

Review of research sources and publications

With approval the first domestic building codes,
which included the section of crane loads, related pub-
lications of the 30s of builders and crane operators [1].
Subsequently, active studies of bridge cranes loads
were performed in TSNIPS [2]. This process was inten-
sified with the preparation of structural calculations for
the limit states method. In the postwar years, the study
of crane loads was restored by TSNISK [3-6]. In the 60-
80s, a comprehensive study of crane loads was per-
formed by the Test Station of the Moscow Civil Engi-
neering Institute (MIBI) [7-29]. Since the '70s, research
on crane loads has been conducted at the Poltava Civil
Engineering Institute (now the National University
"Yuri Kondratyuk Poltava Polytechnic") [30-40].
The conducted researches promoted regular revision of
loading codes and improvement of crane loads ration-
ing. Beginning in the 1990s, design codes were devel-
oped by individual countries that were formerly part of
the USSR. In this regard, probabilistic studies of crane
loads were intensified in Ukraine, which resulted in the
relevant section of DBN B.1.2-2006 "Loading and ef-
fects". In the following years, the study of crane loads
continued along with the justification and refinement of
the calculated coefficients of design standards [41-43].

Definition of unsolved aspects of the problem

Field studies of bridge loads and overhead cranes
have been performed for many years on a large scale,
creating a significant array of statistical information.
However, there is no common information database for
this data. Some of them have been published in various
scientific and technical journals, collections of articles,
conference proceedings. Access to these publications is
difficult, as the translation into electronic form has
taken place only for publications published after 2000.

The results of crane loads studies are partially included
in the design codes, but several reasonable proposals
remain outside the current regulations. There is no anal-
ysis of trends in crane codes and the allocation of fur-
ther development issues of this important load ration-
ing.

Problem statement is a systematic review of re-
search results and scientific publications on the prob-
lem of crane loads for the 90-year period from the 30s
of the twentieth century to the present. It is emphasized
that these loads on buildings have a complex physical
nature and changeable character. The main focus is on
identifying the relationship between the crane loads and
developing the results of experimental studies of these
loads. Aspects of probabilistic substantiation of calcu-
lated coefficients, assignment of normative and calcu-
lated values of crane load are emphasized. Scientific re-
sults that can be included in subsequent editions of
crane load standards are highlighted.

Basic material and results

The beginning of domestic standardization of crane
loads was laid in 1930, when the "Uniform codes of
construction design" were introduced. Given that at that
time the relevant experimental work was not carried out
in the USSR, the basis of the adopted codes were for-
eign standards, the work of crane operators, and refer-
ence books, for example [1]. There are the horizontal
loads transmitted from the cranes to the crane tracks
and directed along with the building and were defined
as

H=01Pn, €8

where P - the calculated vertical pressure on the crane
wheel;
n - the number of brake crane wheels located on the
beam.

Formula (1) is obtained based on the law of friction
F = fN, ie the friction force is equal to the normal pres-
sure N multiplied by the coefficient of friction between
the rails and wheels of the crane f, equal to 0.1.

In the late 1930s, a leading construction research or-
ganization, the Central Research Institute of Industrial
Structures (CNIPS), organized large-scale field studies
of the actual operation and bridge crane loads on steel
frames of industrial buildings. The employees of
TsNIPS N.E. Romanov tested 60, 125, and 220-ton
foundry cranes [2]. Transverse loads when passing
cranes past the measuring range were of different na-
ture, but in all cases, they significantly exceeded the
forces from the braking of the truck.

In 1940, the standard OST 90057-40 "Payloads" was
adopted, in which crane loads were specified. In addi-
tion to the previous requirements, it emphasized that
the transverse force should depend on the type of load
suspension. For cranes with flexible suspension, this
force was taken equal to 0.05 of the sum of load capac-
ity and weight of the trolley, and for cranes with rigid
suspension twice as much - 0.1 of the same sum.
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Thus, the braking force transmitted to the crane wheel
with a flexible suspension of the load was defined as

~99505,+9), 2)

Tk -
ny

where O is the weight of the crane trolley;

O — load capacity of the crane;

no — the number of wheels on each side of the crane
bridge.

In 1942, instead of OST 90057-40, the state standard
GOST 1645-42 was issued. In addition to the previous
requirements, it specifies that when calculating crane
structures, the vertical load is taken from the actual
number of cranes, but not more than two cranes ap-
proaching for joint work in each span of the building
and on each tier. In multi-span stores, the possibility of
placing cranes in one line in adjacent spans is taken into
account.

In the pre-war and first post-war years, the Gipromez

Institute under the leadership of O.1. Kikin (later doctor
of technical sciences) carried out large-scale studies of
the operation mode and loads of bridge cranes in the
shop of metallurgical production. O.I. Kikin divided the
horizontal transverse loads of overhead cranes on the
lateral forces arising from the movement of cranes on
tracks, and the braking forces caused by braking of trol-
leys of overhead cranes. The measured lateral forces
were significantly (up to 3... 5 times) more than the
loads from trolley braking. The obtained results were
used in the preparation of TU 104-53 "Technical con-
ditions for the design of steel structures of buildings of
metallurgical plants with a heavy mode of operation."
They introduced lateral forces, which, however, it was
recommended to take into account only for individual
structures and components by multiplying the standard
braking forces by an increase factor equal to 1.1 ... 2.5,
when calculating the upper belts of crane girders and
brake structures, and a coefficient equal to 2.2 ... 5.0,
when calculating the attachment of the brake structures
of the crane girders to the columns. This approach was
selective and did not take into account the lateral forces
when calculating the transverse frames. These coeffi-
cients then passed to NiTU 121-55 "Codes and tech-
nical conditions for the design of steel structures."
In the 50s of the last century, studies of the lateral
bridge cranes were continued in the TsNIPS under the
leadership of M.F. Barstein [3]. As a normative load, it
was proposed to take the lateral forces arising from the
movement of the wheel crane with normal factory tol-
erances, with crane rails, concluded with the usual in-
stallation deviations. In this case, the formula of lateral
forces, taking into account the pseudo-slip and the skew
angle of the wheel 0.001 was as follows:

H=15F,, -d (kgs), 3)

where d is the diameter of the crane wheel.

The values calculated by the formula (3) were close
to the results calculated by the formula H= 0.1 Fux
that M.F. Barstein recommended determining the lat-
eral forces.

The first edition of the State building codes and rules
of SNiP II-B.1-54 "Loading and effects" kept the gen-
eral recommendations of the previous codes concerning
bridge cranes loadings, having noted that "... the influ-
ence of crane distortions has to be considered according
to special codes and technical conditions". In connec-
tion with the transition to the method of calculating
structures for limit states, for crane load, an overload
factor of 1.3 was introduced.

Study of the lateral forces of bridge cranes continued,
beginning in 1954, at the Institute VNIIPTMASH un-
der the leadership of V.P. Balashov [4]. The research
included a theoretical part, an experimental test, and
concerned four-wheel and multi-wheel cranes with
wheels on rolling bearings with central and separate
drives. The design case was considered to be the skew
of the crane during its movement, which is caused by
numerous factors, among which the difference in diam-
eters and skew of the wheel axes, as well as the dis-
placement of the crane tracks in the horizontal and ver-
tical planes. The work developed an idea of the me-
chanical nature of the lateral crane forces, but the de-
rived formulas were not included in the codes due to
their cumbersomeness.

A number of experimental studies of crane loads were
conducted at the TsNIISK in 1954-1955 under the lead-
ership of A.Kh. Khokharin [5]. The experiments were
performed on an experimental frame equipped with a
10 tons capacity bridge crane, as well as in existing
shops. Studies have confirmed that the main case of
force interaction of the crane with the crane tracks
should be considered the case of the crane skew with
the contact of the wheel flanges. Based on the above
experimental studies, a calculated formula for the lat-
eral force transmitting the crane wheel was proposed:

LCV
T=af— Fo s 4)

where Fiqc 18 the maximum vertical pressure of the
wheel;

L — crane span;

B — crane base;

f — coefficient that takes into account the ratio of the
stiffness of the crane bridge and the transverse stiffness
of the shop frame;

o — coefficient taken depending on the load capacity of
the crane and the mode of shop operation within
0.01 ... 0.03 for the calculation of brake trusses and up-
per belts of crane girders and twice as much - for the
calculation of fastening of brake trusses to crane girders
and columns, rails to crane beam.

In the late '50s of last century, there was the first pub-
lication on the statistical study of crane loads, in which
A.A. Bat (TsNIISK) cited the results of field studies of
the crane girders load regime [6]. The research was car-
ried out in 1956 - 1958 in 25 operating shops of 4 met-
allurgical factories, in total more than 8 thousand cycles
of crane girders loading were recorded. The obtained
experimental statistics on the mode of crane girders op-
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eration allowed to develop their calculation for endur-
ance and gave an idea of the statistical variability of
vertical crane loads.

In the 50-80s of the last century, the study of bridge
crane loads was actively carried out at the Moscow
Civil Engineering Institute (MISI) at the Test Station of
the Department of Metal Structures. The results of
these studies are summarized in collective monographs
[7, 8], in which the author of this article took part.
The first large-scale statistical study of vertical bridge
cranes loads was conducted in the late 50s of the last
century by B.N. Koshutin [9]. Observations were con-
ducted in 23 spans of shops for various purposes. 52
experimental distribution polygons were obtained,
which included 65535 cases of vertical loads on the col-
umns and crane girders.

The polygons turned out to be symmetrical, single-
vertex, and were reasonably replaced by curves of nor-
mal law. Developing a probabilistic approach to deter-
mining the overload factor, B.N. Koshutin drew atten-
tion to the misconception of the 50s of last century that
the design load should be at a distance of three or four
standards from the center of the distribution curve, ie
the probability of exceeding it should not be more than
1.3-107 or 3.1-107. If we take into account that the ver-
tical crane load can act on the columns, according to the
obtained experimental data, N= (0.6 ... 0.5) 10° times
during the 20-year service life, it becomes obvious that
the above probabilities do not provide sufficient provi-
sion for the crane loads normalization. In view of this,
the following expression was proposed for the overload
factor

n= {1,1()? + ﬂf()+ 0,1 F—K}M , (5)
M1 M2

where X and X are the experimental average statisti-
cal value and standard;

Fx—load on the column from the weight of the bridge;
Fyn and Fip - load on the column, respectively, from
one and two cranes;

f— the number of standards corresponding to the prob-
ability of exceeding the design load Fhk,
V = (F > Fg) =1/N, where N is the number of loads dur-
ing the service life.

Based on the conducted statistical research the differ-
entiated values (accepted with a stock) of overload co-
efficients of vertical crane loading of 1.0 ... 1.2 were
offered.

A.A.Batand B.N. Koshutin in 1958 conducted a joint
study of vertical crane loads at the Dniprospetsstal plant
in the rolling shop and the pouring span of the electric
steel shop [10]. Both methods gave the following main
results, which coincide:

« distribution curves of vertical loads on columns
have an approximately symmetrical look with the most
probable size of 0,35 ... 0,60 from standard loading of
one crane without dynamic factor;

* cases of complete convergence of two cranes are
rare and do not have a noticeable effect on the appear-
ance of load distribution curves;

» the overload factor for the crane load can be reduced
from 1.3 to 1.2.

In 1962 the second edition of SNiP II-A.11-62 "Load-
ing and effects" was published. In a publication [11],
the drafters list the new aspects of the publication re-
lated to crane loads. The value of the overload factor
has been reduced from 1.3 to 1.2 for vertical and hori-
zontal loads from cranes with a capacity of 5 tons and
more (than taking into account the above results of sta-
tistical studies). This version of SNiP, as before, dis-
tanced itself from the specifics in determining the lat-
eral forces of bridge cranes: "Horizontal transverse
loads arising from the movement of the crane due to its
skew and non-parallel crane tracks should be deter-
mined and taken into account in the calculation in ac-
cordance with the provisions of the design codes of
structures of buildings and structures for various pur-
poses." According to this installation, for steel struc-
tures, the coefficients o and o taking into account the
action of lateral forces on individual structures and as-
semblies were preserved.

In the same years, the MIBI Test Station actively
studied the lateral forces of bridge cranes. Chronologi-
cally, the first studies were realized by 1.B. Izosimov at
the Cherepovets Metallurgical Plant [12]. Four-wheel
cranes on rolling bearings were investigated in order to
identify the factors influencing the lateral forces. Not-
ing the number of factors influencing the lateral forces,
and the difficulty of taking them into account by calcu-
lation, it was decided to determine the lateral force as a
function of the vertical pressure on the wheel:

H,=f,F, (6)

where H; and Fj — respectively, the lateral and vertical
load on the wheel,

fp» — the coefficient of proportionality, called the "real-
ized friction coefficient of the transverse slip", which
must be determined according to field tests.

The latter term cannot be considered successful, be-
cause f, is essentially a generalization that establishes
the relationship between horizontal and vertical loads.
Setting the task in this form oversimplifies the problem,
while making it difficult to assign f,. The experimental
values of the realized coefficients of friction were sum-
marized in graphs of their dependence on the vertical
pressure on the wheel and described by power func-
tions. Received by L.V. Izosimov empirical depend-
ences for the lateral forces cannot be considered suffi-
ciently substantiated due to the insufficiency of the
original statistical material and the depersonalization of
a number of factors.

More profound field studies of the transverse loads of
bridge cranes were conducted by A.V. Figarovsky
(MISI, Test Station), with whom the author has long
and fruitfully collaborated in joint work. In 1962-1963
years in one of the machine-building plant shops, it was
conducted experimental force effects studies of a four-
wheeled bridge crane of medium mode with a separate
drive, with a capacity of 15/3 ts [13,14]. Simultancous
measurements of vertical and horizontal crane loads
were performed. The used integrated methodology was
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a significant step forward in comparison with the crane
loads studies of previous years, it was unique in its
complexity and thoroughness of preparation and appli-
cation. Based on the tests, A.V. Figarovsky derived the
formula for the values of the largest lateral forces on
the wheels of four-wheeled cranes:

LC
HK = OﬂlFmax + a(Fmax _Fmin) Br > (7)
where Fiax and Fin — the average pressure of the

wheels, respectively, more or less loaded side of the
crane;

a — coefficient equal to 0.01 for cranes with a separate
drive of the movement mechanism and 0.03 — for
cranes with a central drive.

In the above formula, the first term gives the trans-
verse force from the skew of the wheel, the second - the
horizontal component on the wheel flange, which limits
the bridge skew. On other wheels can act only friction
forces, approximately equal 0.1F. This formula pro-
vides a fairly close coincidence with the experimental
values.

A.V. Figarovsky also conducted a comprehensive
field experiment in the pouring span of the open-hearth
shop of the metallurgical plant [15]. A multi-wheeled
foundry crane with a capacity of 175 tons with a central
drive was tested. Unlike a four-wheel crane, a multi-
wheel crane is less prone to skew and tends to keep the
initial angle of skew constant. This is due to the smaller
ratio of the crane span to its base and the presence on
each side of the bridge balancing carts that allow some
rotation in the vertical plane. Lubrication of the side
surface of the rail head significantly (1.7 ... 2.0 times)
reduced the magnitude of the lateral forces and their dy-
namics. The magnitude and nature of changes in the lat-
eral forces of multi-wheel cranes are significantly af-
fected by deviations in track width that exceed the total
clearances of the flanges. It was found that in places of
narrowing and widening of the track, the lateral forces
increase by 2.0 ... 2.5 times.

In 1963-1965 years in the laboratory of dynamics of
CNDIBK the researches of lateral forces were
carried out by A.N. Zubkov under the direction of
M.F. Barstein [16]. The theoretical development of the
question was based on the idea of the bridge crane
movement on the crane track, which has random devi-
ations in the horizontal plane. The continuous contact
of the rail with the flange of one wheel or with the
flanges of two wheels located on one end beam was
considered. Differential equations of crane motion
were formed, and it was considered that the track devi-
ation in the horizontal plane is a stationary normal pro-
cess, the correlation functions of which were calculated
from the materials of a geodetic survey of crane tracks
in existing shops. Based on the research, a formula to
determine the calculated values of the transverse forces
acting on the wheels of the crane when limiting the
skew by the flanges of the wheels on one side of the
crane was proposed:

R= 15(0:% + AWF (in kef), (8)

where L, — the crane flight;

b is the distance between the end crane wheels;

F — average vertical wheel pressure;

a, B — coefficients accepted for four-wheel, eight-
wheel, and sixteen-wheel cranes equal to [0,4, 0,8, 1,6]
and [1, 3, 7].

In the same years, probabilistic studies of bridge
crane loads were carried out at the MISI Test Station.
The first attempt to obtain and process statistical data
on horizontal loads of bridge cranes was made by
B.N. Koshutin in the open-hearth shop of the Cherepo-
vets Metallurgical Plant [17]. Lateral forces were rec-
orded on the columns in the normal operation of the
shop in the pouring and furnace spans. The experi-
mental values of the overload coefficient had a large
variance, and for the furnace, span exceeded the nor-
mative value equal to 1.2 (according to the variant SNiP
valid at the time of testing).

In 1964-1966 years S.F. Pichugin conducted complex
field studies of vertical and horizontal loads of bridge
cranes for various purposes [13, 15, 18]. Statistical ma-
terial was collected as a result of continuous registra-
tion of crane loads of normal operation in existing
shops. Crane loads were presented in the form of ran-
dom variables. The following features of statistical dis-
tributions of crane loadings were revealed:

* rapid stabilization, i.e. detection of these distribu-
tions taking into account the relatively small amount of
statistical material, further increase of which does not
change the picture either qualitatively or quantitatively;

* reasonable opportunity of applying the normal law
to describe the ordinate distributions of vertical and
horizontal crane load is substantiated;

* close connection of cranes work and crane loadings
with the production technology of shops in which
cranes are operated, stability of trajectories of move-
ment of cranes and trolleys, the technological features
influence on probabilistic characteristics of crane load-
ings (actual location of crane work areas, unequal load-
ing of different rows structures, restriction of crane trol-
leys approach);

* a specific feature of some crane loads with flexible
suspension (for example, foundries), which consists in
the allocation in their distributions of the extreme "tail"
parts, corresponding to operations with loads close to
the load capacity; these parts should be considered sep-
arately [19,20].

Based on the analysis of statistical distributions of lat-
eral crane loads for different purposes for 14 spans of
12 shops of three metallurgical plants, formulas were
proposed to determine the normative values of these
loads and the values of the overload coefficients of lat-
eral bridge cranes forces.

In 1967-1968 years, the MISI Test Station
(Y.S. Kunin) carried out large-scale field measure-
ments of crane loads in the shops of metallurgical
plants. The main results of this work are presented in a
publication [21], which illustrates the transition from
the representation of crane loads in the form of random
variables to a probabilistic model of random processes.
It was confirmed that crane loads are normal stationary
random processes of ergodic nature. The obtained sta-
tistical data allowed estimating the overload factor of
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the vertical crane load based on the theory of random
processes outliers

n=X+%X | )

where X and X — mathematical expectation and
standard,

y— the number of standards, which is determined taking
into account the accepted service life of the structure
and the specified probability of not exceeding [P(T)] or
exceeding [(Q] the calculated value of the crane load:

-7, w
7(T):\/2lnm :\/2IHWT(T)]’

Here, on the left part, a variant of the formula is given,
in which the frequency characteristic includes the aver-
age number 7, of excess of the average level per unit

(10)

time; the left part of the formula includes the effective
frequency of the crane load — this option was used in
further crane loads studies.

According to the formula (9), the overload coefficient
n=0.45 ... 1.08 for the service life 7 = 50 years and
the probability of trouble-free operation [P(7)] = 0.999
was obtained, which in all cases turned out to be less
than the normative one.

Operators and researchers, including those mentioned
above, have repeatedly noted that the actual vertical
pressures on individual wheels of bridge cranes can dif-
fer significantly from the passport values. Such differ-
ences are called "uneven pressure of crane wheels". It is
known that the bridge crane is a redundant spatial sys-
tem that has fairly high rigidity in the vertical direction.
Therefore, for example, a real 4-wheel crane while
driving on real roads at certain times can rely on the
rails at three or even two points (located on the diagonal
of the bridge). As a result, the load on the wheels of
bridge cranes can change both upwards and down-
wards. The non-uniformity of wheel pressures was
studied in detail by V.N. Val (MISI, 1966-1969) [22],
who used the method of weighing in tests of 26 cranes
with a capacity of 5 ... 225 tons. He proposed to take
into account the increase in wheel pressure of the bridge
crane by the coefficient of non-uniformity

n, =1+AF/F,, (11)
where AF — increase in wheel pressure;
F,— maximum normative wheel pressure.

Based on the performed research, values of coeffi-
cient of non-uniformity of pressures on separate wheels
of cranes were received in the range 1.3 ... 1.1 for
cranes with a loading capacity of 5 ... 200 ts.

Another source of increasing the pressure of individ-
ual crane wheels is their dynamic nature, which is taken
into account by the local dynamic coefficient kg,
which depends on the stiffness of the crane girders, the
speed of the cranes, and especially on the condition of
the crane tracks. Experimentally obtained values
kaioc = 1.0 ... 1.5 depends on the type of load suspension
and lifting capacity of cranes.

Taking into account the above values of the non-uni-
formity coefficient of pressure on the wheel n, and the
local dynamic coefficient ks, V.N. Val proposed
(not yet implemented) to increase the total coefficient
to the following values: yn = 1.8 — for cranes with rigid
suspension; yn = 1.5 for cranes with the flexible sus-
pension of heavy rate (groups of modes 7K and 8K);
s = 1.3 for other cranes [22].

The next statistical research stage of the MISI Test
Station was the study in 1970-1973 combinations of
vertical crane loads by A.T. Yakovenko [23]. Statistical
data were obtained for vertical loads of 17 cranes oper-
ating in 7 spans of metallurgical plants. The actual com-
bination coefficients of crane loads were determined by
a formula suitable for any random loads:

v =[s, é[&] : (12)

where Z[S,-] — the sum of loads (efforts) at unfavora-
i=1

ble loading of a line of influence by the approached

cranes provided that pressures of separate wheels of

each crane can be exceeded with probability Q(7);

[Sz] — design load (effort) taking into account the ac-

tual random process of crane load, which is determined
from the condition of the same probability of exceeding
the service life Q(T) according to formulas (9) and (10).

Of the thus obtained combination coefficients, the
largest was the experimental values for cranes of
groups of modes 8K (= 0.75 ... 0.85), which regu-
larly lift loads close to the nominal and have high
speeds. Slightly smaller, within = 0.58 ... 0.73, the
obtained composition coefficients for cranes of groups
of modes 7K. The lowest values = 0.38 ... 0.40 were
observed in cranes of groups of modes 4K... 6K.
These cranes are less loaded, rarely lift loads close to
the nominal, approach relatively rarely.

In 1974 the next edition of SNiP II-6-74 "Loading and
effects" was published in which the load codes of over-
head cranes were combined with the load standards
from overhead cranes. Long-term loads (without exper-
imental justification) included the load from one crane,
multiplied by 0.6 for cranes of medium mode and by
0.8 for cranes of heavy and very heavy modes. Taking
into account large-scale studies of crane loads con-
ducted in the '60s and '70s at MISI (as described above),
the overload factor for loads of all cranes was assumed
to be 1.2. For the first time, a scale of lowering combi-
nation coefficients for vertical loads from two and four
cranes in the range of 0.70 ... 0.95, depending on the
modes of operation of the cranes, was included. A lat-
eral force standard equal to 0.1 of the normative vertical
load on the wheel was introduced for each running
wheel. However, as before, it was inconsistently regu-
lated that "... this load should be taken into account
when calculating only the beams of crane tracks and
their attachments to columns in buildings with cranes
of very heavy mode, with foundries and other cranes of
the heavy mode of metallurgical production.”
For the endurance calculation of crane track beams, it

30ipHUK HAyKOBHX Tipallb. [ amy3eBe MammHoOyyBaHHs, OyaiBHHITBO. — 1 (56)° 2021 23



was indicated that the normative load from one crane
should be multiplied by a factor of 0.6 for cranes of me-
dium mode and a factor of 0.8 for cranes of heavy and
very heavy modes.

In the 70's the Dnepropetrovsk Institute of Railway
Engineers (DIIT, Yu.A. Zdanevych [24]) continued a
study initiated earlier by a number of researchers to as-
sess the impact on the crane load of the technological
process features. The recommendation to reduce the
overload factor to n = 1.1 was substantiated for the pay-
load of steel ladles (taking into account the wear of the
lining) in determining the vertical loads of foundry
cranes. For an open-hearth shop with 10 furnaces with
a capacity of 220 ... 450 t, the following composition
coefficients for vertical crane loads in the interval
w=0.70 ... 0.90 were substantiated.

In the same period, the features of the technological
process of rolling shops were also identified by
S.A. Nischeta (MISI Test Station) during experimental
studies on seven heavy-duty bridge cranes with a ca-
pacity of 10 ... 20 tons with a flexible suspension trav-
erse and a separate drive [25]. The obtained experi-
mental statistics, together with the results of previous
studies [8, 21], as well as the provisions of the design
standards of bridge cranes [26], allowed the recommen-
dation to reduce the overload factor of the crane load to
n=1,1.

The maximum values of horizontal loads that ex-
ceeded the braking forces by 2.5 ... 3.0 times were ob-
tained. Based on these data, the following formula of
lateral force on the wheel of a crane with a separate
drive was proposed

L
cr o (13)

H} =0,04 g [max:

S.A. Nischeta also studied the coefficients of forces
composition from vertical crane loads for crane girders
and columns of the extreme and middle rows by statis-
tical modeling (Monte Carlo). Coefficients of the com-
bination of vertical crane influences on columns from
two bridge cranes located on one crane way, and four
cranes - on different ways, were defined by the formula

v=5/lus;).,

where S is the value of the vertical loads on the
column from two or four bridge cranes, corresponding
to the probability of realization P = 0.95 per time
T =40 years;

(14)

nS;" — the sum of the products of the loads on the col-

umn from each of the "£" cranes wheels (with unfavor-
able loading of the influence line of the crane girders
support reactions) on the corresponding actual values
(for each of the spans) of the overload coefficients .
It was found that the combination coefficients signif-
icantly depend on the line length of corresponding force
influence and the ratio of the crane span to its base.
The dependence on the length of the working area and
the structure position (column, crane beam) is also
noted. The actual combination coefficients obtained in

the range = 0.60 ... 0.95 were lower (especially tak-
ing into account the four cranes) than those set in the
SNiP, which indicates that under operating conditions,
the maximum convergence of two (and even more so
four) cranes with a maximum load is an exceptional
phenomenon. Therefore, there was (and now is) the
possibility of differentiation and further reduction of
the crane load combination coefficients.

In the following years, a number of changes in the
part of crane loads were introduced in SNiP I1-6-74
[27], which were included in SNiP 2.01.07-85 "Load-
ing and effects", which came out after 11 years. Based
on statistical data obtained by A.A. Bat, the long-term
parts of the loads from the bridge and overhead cranes
were reduced: from 0.6 to 0.5 from one medium mode
crane and from 0.8 to 0.7 from a heavy and very heavy
mode crane. It was indicated that instead of taking into
account two cranes, the check of deflections of crane
track beams should be performed from one crane - on
the basis of research by M.Ya. Kouzin (MISI [28]).

The reliability factor for the load (which replaced the
former overload factor) for crane loads began to be
taken equal to = 1.10 (justification is given above). A
long-overdue addition was made - the coefficient of in-
crease of concentrated load on a single wheel of the
bridge crane was transferred from SNiP for steel struc-
tures to SNiP for loads in the range yn = 1.10 ... 1.60
depending on the groups of operation modes of cranes
and cargo suspension. The scope of the lateral force
standard, which is caused by the skew of bridge cranes
and non-parallelism of crane tracks, was slightly
changed — now it concerning the calculation of durabil-
ity and stability of crane tracks beams and their fasten-
ings to columns in buildings with cranes of operating
modes groups 7K, 8K.

The latest field tests, aimed at a study of crane loads,
were conducted by V.A. Plotnikov in the 90s of the
twentieth century in the shops of the Magnitogorsk
Metallurgical Plant [29]. Experimental values of
lateral forces from multi-wheel cranes in all cases did
not exceed the normative values according to
SNIP 2.01.07-85. This work significantly supple-
mented the idea of the nature and magnitude of the lat-
eral forces of multi-wheel cranes. However, the proba-
bilistic coefficients remained undefined in the proposed
formulas, and no comparison of the obtained theoretical
formulas with experimental data was performed.
Investigation of horizontal loads of four-wheel cranes
V.A. Plotnikov performed on an open scrap yard over-
pass. It was found that the values of the experimental
loads correspond quite closely to the values determined
by the formula (13), proposed by S.A. Nischeta for
overhead cranes of industrial buildings.

Researchers, designers, and operators have identified
significant shortcomings of SNiP 2.01.07-85 in terms
of crane loads normalization.

1. Double approach to determining the horizontal
transverse effects of the bridge and overhead cranes.
On the one hand, when calculating the transverse
frames of buildings and beams of crane tracks, it is pro-
posed to take into account the load caused by trolley
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braking - the transverse braking force. On the other
hand, when calculating the strength and stability of
crane track beams and their attachments to columns in
buildings with cranes of operating modes 7K, 8K, it is
proposed to take into account much larger lateral forces
directed across the crane track and caused by skew elec-
tric cranes and non-parallel crane tracks.

2. Lack of explicit connection of the crane load stand-
ard with the period of its recurrence, which does not
allow to take into account the service life of buildings.

3. Disadvantages in the rationing of the reduced com-
ponent of the crane load, which refers to long-term
loads and is also intended for the calculation of struc-
tures for endurance.

With the collapse of the USSR, the new states had the
opportunity to move away from the rude Soviet ration-
ing and develop their own, more adequate codes for
crane loads. Further development of crane codes in the
CIS was realized in the form of national codes of indi-
vidual states.

Russia has followed the path of gradual development
of SNiP. The Code of Rules of SP 20.13330.2011
"Loading and effects" and the updated version of
SNiP 2.01.07-85* were developed. They do not differ
in principle from the previous version of SNiP 2.01.07-
85 and include the following changes:

* the multiplier of 0.1 is replaced by 0.2 for determi-
nation of the lateral loads;

« the coefficient of reliability on loading is increased
to y= 1.2 for cranes of all groups of operating modes;

* the increased factor taking into account local and
dynamic action of vertical loading from one wheel of
the crane, to = 1.2 ... 1.8 (in accordance with the
above recommendations of V.N. Val).

Ukrainian specialists, in contrast to Russian standards
developers, have prepared the State Codes of Ukraine
DBN B.1.2:2006 "Loading and effects", conceptually
different from SNiP in terms of crane loads. The publi-
cation of these codes was preceded by the systematiza-
tion of the results of many years of work in the field of
crane loads, described above, by the combined efforts
of MISI (B.N. Koshutin, Y.S. Kunin) and PoltISI
(National University "Yuri Kondratyuk Poltava Poly-
technic", V.A. Pashinsky, S.F. Pichugin) [30, 31].

83 processes of crane loading were generalized, from
which 8 concerned cranes with a rigid suspension of
cargo, and the rest - to cranes with a flexible suspension
with a loading capacity of 5 ... 650 ts of various groups
of operating modes. As a result, a generalized probabil-
istic model of vertical crane load in the form of a nor-
mal stationary random process was created. Deter-
mined with the necessary security, the mathematical

expectation X , standard X and effective frequency @
fully described this random process. Mathematical
models of crane loads such as absolute maxima of ran-
dom processes, a scheme of independent tests, a dis-
crete representation, extremes, and a correlated random
sequence of overloads have also been developed [32].
This allowed the development of the combining ran-
dom loads issue, including the participation of crane
loads [33-35].

Codes DBN B.1.2-2: 2006 for loads, including crane
loads, are conceptually built similarly to European
standards Eurocode [36]. They are based on the charac-
teristic values of loads (previously they were called
normative). The calculated values of loads are deter-
mined by multiplying the characteristic values by the
coefficient of reliability for the load, which depends on
the type of load. DBN considers crane load as a variable
load with four calculated values of the vertical compo-
nent: limit F,,, operational F,, cyclic F, and quasi-

constant £, [37,38]:

F,=rvmvly » Fo=7pFo

(15)
Fo=yeFon, F,=rpfy,

where Fy,, F, —the characteristic values of the vertical

load, respectively, from one or two of the most unfa-
vorable for the impact of cranes (determined similarly
to the normative load according to SNiP);

v — composition coefficient of crane loads, which
passed in the range of 0.70 ... 0.95 from the previous
codes.

The reliability coefficient of the crane load limit value
¥ Was determined, according to the general concept of
DBN, depending on the average return period of load
T. Its maximum value was taken equal y, = 1.1 based
on the statistical results of a number of researchers, dis-
cussed above. This coefficient corresponds to the base
return period 7 = 50 years and does not change with
increasing T due to the small variability of the crane
load maxima. For units with a service life of fewer than
50 years, reduced reliability coefficients in the range of
0.97 ... 1.10, determined by the formula

_ 1)
1+ V(T =50years)’

¥ n(T) (16)

where ¥V = X, / X is the coefficient of crane load varia-
tion;

}/(T ) —normalized deviation from the mathematical ex-
pectation of the maximum calculated value of the crane
load at a given probability of its exceeding O(7), deter-
mined by the formula (10).

The reliability coefficient of the operational design
value of the crane load was assumed to be equal y = 1.
Thus, for the calculations of structures at the second
limit state (deflections, displacements, etc.), the char-
acteristic load from one crane is used, based on the op-
erating experience, which shows the validity of such
SNiP recommendation.

The cyclic design value of the vertical crane load,
which is used in the calculations of crane structures for
endurance, was included in the DBN at the suggestion
of V.A. Pashinsky [39]. Since the real crane load pro-
cesses are random and therefore cannot be directly in-
cluded in endurance calculations, the cyclic design
value is determined based on a schematic load process
of the simplest type — a harmonic process with a given
frequency equivalent to the actual load process. The cy-
clic calculated value characterizes the "average" load

30ipHUK HAyKOBHX Tipallb. [ amy3eBe MammHoOyyBaHHs, OyaiBHHITBO. — 1 (56)° 2021 25



mode and therefore should not depend on the service
life of the object. In DBN the cyclic design value is pre-
sented in the unified form of the product of characteris-
tic vertical loading from one crane and reliability coef-
ficients % max, ¥e min. The duration of the cyclic load is
taken into account by the number of cycles (per day)
ne =270...820 depending on the groups of modes of
crane operation.

The quasi-constant design value of the vertical crane
load, adopted in the calculations, which takes into ac-
count long processes in structural materials (creep,
etc.), is proposed to be equal to the vertical load of one

crane without load (empty) FOIIY with the introduction

of the reliability coefficient y ;, = FOII7 / Fy, in formula

(15).

In the development of DBN in terms of horizontal

crane loads, it was taken into account the main provi-
sions relating to the actual nature and magnitude of the
lateral forces of bridge cranes. For these loads, the char-
acteristic values were the values of loads from two
cranes Hy or one crane Ho which are determined dif-
ferently for four-wheel and multi-wheel cranes.
For four-wheel cranes, the lateral force from one crane
is determined by the formula (7) proposed by
A.V. Figarovsky. The lateral forces Hoyi calculated by
this formula can be applied:

* to the wheels of one side of the crane and directed
in different directions (inside or outside the considered
span of the building), which corresponds to the limita-
tion of the skew of the crane wheels of one side;

* to the wheels on the crane diagonally and also di-
rected in different directions (inside or outside the con-
sidered span of the building), which corresponds to the
case of limiting the skew of the crane by wheels located
on the diagonal of the crane.

At the same time to other wheels the forces

0172, (0.1,

max min />
rection (inside or outside of the considered run) are ap-
plied.

For multi-wheel cranes, a new lateral force standard
has been introduced based on the results of many years
of testing such cranes. The characteristic value of the
lateral force on the wheel of multi-wheeled cranes with

directed in the most unfavorable di-

the flexible suspension of the load H;' is taken equal

to 0.1 of the vertical load on the wheel, calculated at the
location in the middle of the bridge of the trolley with
a load equal to the passport capacity of the crane. For

multi-wheel cranes with rigid suspension, the load H}'

is assumed to be equal to 0.1 of the maximum vertical
load on the wheel.

When determining the characteristic values H, , it is

taken into account that the lateral forces from the two
multi-wheel cranes are transmitted to both sides of the
crane track. On each side of the crane, the lateral forces
have one direction - outwards or inwards, on different
tracks, they are directed in opposite directions (both in-
wards or both outwards). On one of the tracks, the full
lateral force is accepted, on the other track, half of the

lateral force is accepted. In contrast to the SNiP, the
above-mentioned lateral forces of bridge cranes are
proposed to be taken into account when calculating the
strength and stability of beams of crane tracks, frames,
columns, and foundations.

The assumption of vertical loads reduction from
cranes with constant restrictions of wheelchair approx-
imations introduced by the DBN is based on a fairly
representative experimental and statistical material [40]
and makes it possible to take into account the reduction
factors K, =0.94 ... 0.76.

Giving a general assessment of the Ukrainian code
DBN B.1.2-2006 "Loading and effects" in terms of
crane load, it should be emphasized that they are com-
piled on a modern methodological basis, close to Euro-
pean codes Eurocode [36], based on representative sta-
tistics, more differentiated and have scientific probabil-
istic substantiation, more deeply developed than in the
codes of previous years

An analysis of the consequences of the implementa-
tion of the recommendations of DBN B.1.2-2: 2006
"Loading and effects" in terms of bridge cranes loads
were carried out [41]. The excess of horizontal loads on
the wheel of four-wheel bridge cranes, determined by
DBN, is up to 1.3... 9.6 times, compared with the loads
calculated in accordance with SNiP. In the transition to
determining the force of four-wheel bridge cranes by
DBN, bending moments in the columns of the trans-
verse frames of single-story industrial buildings from
the lateral forces increase 1.9... 6.9 times, compared
with the forces from the braking forces of SNiP. Bend-
ing moments in the structures of crane girders increase
1.2... 7.8 times. As a result, there is a slight increase in
material consumption of crane girders, which averages
1.1%, as well as an increase in material consumption of
up to 24% of crane parts of columns of buildings
equipped with four-wheeled cranes.

Under the action of multi-wheel bridge cranes, the
load on the wheel according to DBN exceeds the load
according to SNiP by 1.3... 1.7 times. It was found that
the bending moments in the transverse frames increase
by 1.1... 1.2 times and up to 1.6 times in the crane gird-
ers.

Based on inspections of the load-bearing capacity of
structures, it was found that in the case of equipping
buildings with multi-wheeled bridge cranes, the transi-
tion to determining the loads according to DBN does
not increase the cost of materials for crane girders and
columns.

To neutralize the consequences of the introduction
into the practice of design codes, it is recommended to
use such a reserve of steel frames as its spatial opera-
tion. It is established that taking into account the effect
of spatial work when calculating the transverse frames
on the crane loads according to DBN B.1.2-2: 2006 al-
lows to approximate the results of calculations of
frames for loading according to SNiP 2.01.07-85 and to
avoid additional costs of materials.

As can be seen from the above, the study of crane
loads on the structures of industrial buildings has a long
history, and most of the work performed on this topic
is based on the results of field observations in industrial
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buildings with the most intensive work of cranes. Nu-
merical statistical modeling was also used in some stud-
ies. However, the computational capabilities of the time
were limited, and the number of randomized trials in
each task was relatively small. In view of these circum-
stances, A.V. Perelmuter performed a statistical study
of crane loads, which involved modern computational
capabilities [42] and methods of mathematical model-
ing [43]. As a result, it was clearly shown that the val-
ues of crane loads and combination coefficients of these
loads, presented in the design codes, are somewhat
overstated. Therefore, it is relevant and real in the cur-
rent conditions to perform research aimed at clarifying
the codes of crane loads, using modern methods of sta-
tistical modeling.

Conclusions

It is shown that during the last ninety years the domes-
tic codes of building structures design in terms of crane
loads normalization have undergone significant changes
and expanded their statistical bases. There is a high sci-
entific level of domestic codes DBN B.1.2-2006 "Load-
ing and effects", which have a modern statistical basis,
are associated with Eurocode and provide the required
level of building structures reliability. The modified ac-
count of bridge cranes lateral forces is developed and in-
cluded in these codes; the substantiation of normative
(characteristic) and design values of crane loading is de-
veloped. For further research such tasks are allocated:
the further statistical analysis of random crane loadings
combinations, in-depth consideration of the physical na-
ture of crane loads, an estimation of the technological
processes' influence on bridge crane loading.
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Secondary structures, such as rafter stays, attached to the load-bearing element increase its stiffness, change its sketch and lead
to a redistribution of internal forces. The influence of rafter stays on the bearing capacity of the frame elements was analyzed.
A number of measures are considered to ensure the spatial stability of the linear elements of frame buildings, which lead to a
decrease in the metal consumption of steel purlins. Based on the analysis of internal forces, the peculiarities of the working
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OnTuMmizanisi po3paxyHKOBOI CXeMH JIBONPOJIITHUX MPOTOHIB
Y KapKacHiil cMCTeMi 3 MOPTAJTLHUMH PaMaMH
i3 3acTOCyBaHHAM B’fI3€BHUX MiIKOCIB

Iymse C.A.'*, lyancbka H.B.%, Penarox C.IL. 3, Moauanos I1.0.*
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[puennani 1o Hecy4oro enemMeHTa (OCHOBHOI Oanku ab0 KOJIOHM paMHOTO KapKacy) pi3HOTO POy APYTOpsAHI KOHCTPYKIIT,
TaKi SIK BCTAQHOBJICHI ITAHOMIPHO B’SI3€Bi MiJKOCH, 301IBIIYyIOTh HOTO JKOPCTKICTh, 3MIHIOIOTH HOTO PO3paxyHKOBY CXeMY i
NPU3BOASATH O MEPEPO3NOIiNy BHYTPILIHIX 3ycHiib. [[poaHanizoBaHO BIUIMB PO3KPIIUICHHS B’SI36BUMH MiIKOCAMHU HA HECYdy
3[aTHICTH EJIEMEHTIB KapKacy i3 BUKOPHCTAHHSAM MaTeMaTHYHHX METOIIB. PO3MIsHyTO psin 3aX0MiB Ajist 3a0e3neYeHHs Mpoc-
TOPOBOI CTIHKOCTI JIIHIHHNX HECYYUX €JIEMEHTIB KapKacHUX OyaAiBelb, 110 MPU3BOATH JO 3MEHIICHHS METaJOEMHOCTI CcTale-
BUX [POTOHIB MOKPUTTS JUIs TUIIOBOTO Kapkacy. Ha 0CHOBI aHaii3y BHYTpILIHIX 3yCHiIb OyJI0 BUSBJICHO Ta OIMCAHO OCOOIIH-
BOCTI yMOB po6oTH Ganku. Po3kputo nepeBaru Ta HeOMIKH KOHCTPYKTUBHUX PIIICHB BiIIOBIHO IO MPUHIUIIB IPOCTOTH Ta
e(eKTHBHOCTI. 3alpOIIOHOBAHO 301IBIINTH EKOHOMIIO MaTepially 3a JJOIIOMOTOIO JIETAIbHOTO pO3paxyHKy. Bupimenns 3agadi
B CHCTEMi KOMIT'IOTepHOI anreOpu wxMaxima 3a po3paxyHKOBOIO MOJEIUIIO ITOKA3aJI0 CYTTEBE 3MCHIICHHS BHYTPIIIHIX 3y-
CHIIb, SIKE M€ BUCOKY 301KHICTb i3 pe3yJIbTaTaMu pO3paxyHKy MOJEIi METOIOM CKIHYCHHHX €JIeMEeHTiB. BapTo 3BepHyTH yBary
Ha 3HaYHUH IIePepO3IOJIiI 3yCHilb, a CaMe 3TMHAJILHUX MOMEHTIB, Y IIPOrOHi. 3MEHIIEHHS MaKCUMAJIbHOTO PO3PaxXyHKOBOTO
3rHHaJIBHOTO MOMEHTY B HbOMY Moxke pocsirati 20% mpu cepeaHii )KOpPCTKOCTI OMOp, 1110 CYTTEBO BIUIMBA€E HA 3arajibHy Me-
TaJOEMHICTh HECYUHX €JIEMEHTIB Kapkacy (10 15%). HaBeneHo nOpiBHAHHS pe3y/bTaTiB pO3paxyHKY i3 BUKOPUCTAHHSM CIie-
[iaJ1i30BaHOr0 MPOTPaMHOro 3a0e3NeyeHHs AJIs aHalli3y Moesneil OyiBens i3 mopransaumu pamamu (Consteel). YpaxyBans
(axTopiB, 1110 XapaKTePH3yIOTh OCOOIUBOCTI POOOTH MPOTOHIB MOKPHUTTS O3UTUBHO BiZOOpaXKAETHCS HA PiBHI BUKOPUCTAHHS
1 3amacy MinHOCTI MaTepiany. B’s13eBi migkocn MOXyYThb He TUIBKH BUKOHYBAaTH CBOIO Oe3mocepeiHio (QyHKIIIo, ane i edexTH-
BHO BUKOPUCTOBYBATHCS IS i AKPIIICHHS IPOTOHIB, TAKMM YHHOM 3MIHIOIOUH iX PO3PaXyHKOBY CXEMY, 3MCHILYIOUH BUTPATH
CTaJIi, 10 € MO3UTHBHUM YHHHHKOM

Kurouogi ciioBa: po3paxyHkoBa cxema, paMHHI KapKac, Mepepo3noaii 3yCHilb, METaJIOEMHICTb, IPOTiH, B’A3€BHUI MiAKiC
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Introduction

One of the major structural components in the system
ofthe building with a steel framework is the purlin. Pur-
lins make a considerable part of the mass of load-carry-
ing structures (Fig. 1). Roofing purlins of solid cross-
section make up an average of 10 - 15% of the mass of
the building, walls - 15 - 25% depending on the build-
ing ratio of dimensions.

Figure 1 — General view of a steel framework
and purlins

As structural steel for frame buildings is a significant
share in the total energy-intensive production of steel,
the solution of the problem of reducing the metal con-
sumption of load-bearing elements through optimiza-
tion of the design sketch is an urgent scientific and tech-
nical problem that requires the construction of an ana-
lytical model.

Conventional mathematical models in general do not
characterize all the behaviour features of the structure
in the building framework, especially with significant
stiffness of the connected elements. In such cases, the
modelling often has little in common with the actual
processes, does not correspond to the real picture of the
stress-strain state, and needs refinement to adequately
reflect the using ratio of the cross-section by stress re-
quired to ensure the reliability and stability of the struc-
ture as a whole.

We will analyse and identify ways to solve the prob-
lem of determining the bearing capacity of elements

that are prone to lateral-torsional buckling. The ten-
dency of the element to instability occurs due to insuf-
ficient restraining of the attached structures.
These structures reduce the design length of the ele-
ment and increase its overall stability. Stabilization can
also take place through the arrangement of structural
parts: stiffeners, rafter stays, the protrusions of the
beams in the supporting areas, and the adjacency of the
columns in the supports. Effective restraint should be
provided for members carrying either a bending mo-
ment or bending moment and axial force by lateral re-
straint to both flanges. This may be provided by lateral
restraint to one flange and a stiff torsional restraint to
the cross-section preventing the lateral displacement of
the compression flange relative to the tension flange,
see Figure 2.

Figure 2 — The rafter-purlin-rafter stay system with
double side rafter stays and one-side rafter stay;
3D-view of the typical stiff torsional restraint

Review of the research sources and publications

The articles [1 — 4] are devoted to the advanced design
and geometrical optimization of steel portal frames. The
papers [5, 6] present the influence of the diaphragm ef-
fect on the behaviour of pitched roof portal frames. The
purpose of the research is to make a comparison between
the simplified design model of a portal frame, where the
supports simulating the purlins are considered with infi-
nite axial stiffness, and a portal frame design model
where the calculated stiffness of the cladding for the lat-
eral supports is introduced manually.

Despite the leading role of purlin in the structure of
roofing, conditions of its work and behaviour under
loading remain low-investigated owing to the trouble of
their description at difficult resistance, which the pub-
lication [7] confirms and demands careful research.

Rational designing, the detailed analysis of boundary
conditions of restraining, internal forces and stresses
with additional taking note of functioning features with
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reliably attached enclosing structures allows to reach a
significant reduction of steel costs both for purlins in
particular, and on cross frames, in general, that is de-
scribed in the article [8]. A mass of purlins depends
mainly on their bearing capacity and also with an in-
crease in their span - on rigidity. With an increase in the
step of frames steel expenses on them decrease, how-
ever, a mass of purlins grows that has a negative effect
on the total mass of the framework. The solution to the
problem of high metal consumption of the building is
an optimization of the static purlins sketch. Application
of effective cross-sections and design sketches of roof-
ing elements leads to a decrease in design internal
forces and deformations and consequently, to a reduc-
tion of material consumptions by designs in general.

In the article [9] we can find the answer to the ques-
tion of how efficient is the lateral support of rafters by
stays. In single-storey steel buildings, the problem of
how to stabilize long-span carrying structures occurs
very often. Economic aspects are decisive for the
choice of the possible bracing system. The arrangement
of stays along the girder has a high degree of effective-
ness. The paper [10] presents the influence of purlin-to-
beam connection stiffness, allowing the development
of the stress skin action, in the case of roof shear panels
attached to pitched portal frames. The main purpose of
this work is to separate the purlin-to-beam connection
flexibility from the equivalent model and to evaluate
the impact on frame lateral deformation and stability
expressed by the load multiplication factor a.- when
purlin to rafter connection stiffness varies from flexible
to a stiff one.

In combined steel structures and cross frames of the
solid constant or variable cross-section for the purpose
of ensuring effective work of purlins, it is possible to
use the additional effect of supporting rigid rafter stays
between them and the bottom flange of the frame rafter
[11, 12]. They are established for flange restraining out
of the frame plane from the lateral displacement and
torsion and also play the role of vertical bracings, which
due to the small height of the solid rafter are almost im-
possible to arrange. At the same time, the design sketch
of purlin changes and reduction of bending moment in
it can reach 20%.

Definition of unsolved aspects of the problem

In the case of evenly distributed load on the supported
by rafter stays purlin, reduction of bending moment due
to the presence of additional intermediate flexible sup-
ports is taken into account approximately by the intro-
duction of a reduction factor that depends only on the
ratio of edge minor spans and the total span of the sin-
gle-span purlin and does not depend on the level of sup-
ports stiffness, so the development of a universal accu-
rate method of determining the bending moment is an
unsolved problem.

Problem statement

Optimization of the load-bearing elements design
sketch through using a clarification analytical model of
their boundary conditions is one way of solving the ur-
gent scientific and technical problem of reducing metal

consumption for frame buildings. The use of welded,
built-up, spatial cross-sections of purlins or roof sys-
tems without purlins solves this problem partially too,
however, complicates the process of production and
mounting that by a significant number of structural
components plays an essential role in their choice. In
the case of the use of easy thin-walled cold-formed pro-
files, the material is distributed on cross-section not ab-
solutely rationally; some of its parts are conditionally
excluded from work because of excessive sensitivity to
loss of local stability, forming effective design geomet-
rical properties of the incomplete cross-section. Be-
sides, their efficiency decreases due to the impossibility
of'accounting for the plastic stage of material work. The
need for the creation of additional stiffeners by means
of bending of the sheet makes cross-section not so sim-
ple, and its identical thickness in flanges and web of
profile causes lowering of the geometrical properties
important at bending. The last one partially is elimi-
nated thanks to providing continuity of purlins which is
reached by blousing one purlin of Z-shaped form on an-
other on a certain area on both sides from intermediate
support or installation of pads, similar in form. In spite
of the fact that in this sketch the bigger basic bending
moment is perceived by the doubled cross-section, and
the span bending moment decreases, the single-span
sketch of such profiles is simpler and cheaper in mount-
ing. Therefore, we will concentrate attention further on
the purlins made of rolled profiles (channels and I-
beams).

Basic material and results

For a decrease in a mass of purlins and avoidance of
rather a difficult assembly joint, it is reasonable to use
the continuous sketch of work in both planes without a
local increase in the cross-section over support, which,
usually, is carried out in the form of the double-span
sketch on 6 meters that is caused by dimensions of
cargo transport in Ukraine for delivery of structures to
a construction site. The maximum transport length is
15 meters in the European Union, thus the maximum
span is 7.5 meters. The positive property of double-
span purlins in comparison with single-span is their de-
formability lowered by 2.5 times that on condition of
the defining serviceability limit state at rather a small
loading can lead to preservation of about 35% of the
metal mass. However, the bending moment over aver-
age support in the double-span sketch exceeds the max-
imum span bending moment by almost 80%. That does
it determinative and predetermines excess stocks of
purlins bearing capacity in the span. When using chan-
nels there is a possibility of the creation of a compound
I-section in middle support areas at different spatial ori-
entations of profiles that leads to an increase in bearing
capacity, torsional stiffness, and stability of purlins.

A double-span system of purlins arrangement in a
framework (Fig. 3) is a relatively stiff system intended
for use as brickwork restraints. The advantage of its use
is a reduced number of erection components.
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Figure 3 — Double-span system of purlins arrange-
ment in a framework

However, at double-span purlins, there is big uneven-
ness of edge and middle support reactions and, respec-
tively, a difference of load on cross frames. At their
consecutive arrangement, the frames located under the
middle support of double-span purlins perceive loading
nearly 70% more than adjacent frames. It leads to ex-
cessive consumption of steel on frames or the need for
the production of cross frames with different cross-sec-
tions depending on the load on them. At alternate order
of purlins arrangement, loads on each frame approxi-
mately are levelled to allow designing easier identical
frames, but there is a need for developing separately
edge single-span purlins of identical height. It is
reached due to reduction of edge steps of frames and,
respectively, the span of edge purlin approximately for
20%; reduction at the possibility of edge purlins step;
selection of the cross-section of edge purlin with the
following profile number of identical height according
to assortment; for it is used increased strength steel or
regulation of rafter stays stiffness.

On condition of the establishment of the rigid rafter,
working for compression and tension in two places
from frame cross-section, they can be executed from
rolled equal angles with stiffeners or with short local
connectors (Fig. 4).

Purlin

stiffene]

a)

Rafter stay

Rafter

c)

N

Figure 4 — Torsional restraint of a rafter with a
lower flange in compression through rafter-stays
a) with stiffeners; b) with short local connectors

It is possible to execute the calculation of the purlins
supported with rafter stays according to the rules of
building mechanics [13]. But rafter stays need to be
considered in that case as the flexible displaced sup-
ports. To do this, we must first determine the stiffness
of the rafter according to the principle of virtual forces
according to the scheme in Figure 5.

N o R
OF:Q o —;w XQ%
i |
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Figure 5 — Restraining of steel linear load-bearing

elements by means of rafter stays and the simpli-
fied design sketch

Virtual forces are applied in the direction of the ac-
cepted displacements of the rafter lower flange, which
are calculated, in this case, using the equations:

IMpMy | .
i = s ey
IN.-N
= [T ; 2
S £EAS ()

where Mr, Nr—bending moment and longitudinal force
from the external load;
My, Ny — bending moment and longitudinal force from
virtual forces;
EI, EAs— stiffness of the purlin cross-section in bending
and stiffness of the rafter stay cross-section in tension-
compression.

Given the dimensions taken in Figure 5, after integra-
tion the displacements will be equal to:

4 e
y :( 3a+rj4 . 3)
M El ’
bepY
, :2b[22aj @
N EA;

The total stiffness of the rafter stays as pliable sup-
ports is inversely proportional to the total displacement
of the rafter lower flange, and their pliability is the in-
verse value of the stiffness:

1
C=—-—
Ju + Sy ©)
1
K== (6)
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Therefore, we will consider spans, geometrical prop-
erties of cross-sections, and elastic properties of sup-
ports (stiffness) known. For the unknowns, we will take
the supporting bending moments. As the basic system,
we will accept the beam divided by hinges into a row
of single-span beams. In the basic system, it is possible
to construct the plots of the bending moments caused
by unit values of unknowns and the plot of the bending
moments from the external load.

The canonical equation for the n-th (middle) support
of double-span purlin will look like this:

Mn—25n,n—2 + Mn—l5n,n—l +M,9, +

n“n,n

(7
+Mn+15n,n+l +Mn+25n,n+2 + AnF =0

where M, >, M1, M, , My+1 , My+2 — unknown bending
moments;

Onn-2 s Onn-1s Onns Onntl , Onnv2 — coefficients of the ca-
nonical equation;

Anr— a free member of the canonical equation.

The number of equations (7) will be equal to the num-
ber of unknowns. In the matrix notation, the system of
canonical equations for all five intermediate supports
will look like Md = A, where the vector M, the matrix &
and vector 4 will be written in the form:

5}1—2,11—2 5n—2,n—1 §n—2,n 511—2,n+1 5n—2,n+2
5/1—1,;1—2 571—1,”—1 6/1—1,;1 5 5

n—l,n+1 n—1,n+2
0= 5/1,/1—2 5n,n—l §n,n §n,n+1 5/1,/1+2 (9)
5n+l,n—2 5/1+1,n—1 §n+1,n 5n+l,/1+l §n+1,n+2
5/1+2,/1—2 5n+2,n—1 5,”2),, 5/1+2,n+1 5/1+2,/1+2
_An—2,F
_An—l,F
A= _An,F (10)
_AnJrl,F
_An+2,F

The solution of the system can be obtained by the ma-
trix method using the inverse matrix. To express the co-
efficients, it is necessary to consider the bending mo-
ments and the reactions in the supports:

Grn =012, = ZK—I; : an

Opn1 = Opin = %_ K;;_l (t*"%) ; (12)
hn = 3113"1+;n1;1 Klzl [;—: ; (13)
Onnsl = Onsin =%—§—j(ﬁ+i) ;o (14)

K,

5n,n+2 = 5n+2,n =l > (15)
ln+lln+2
l

S =5 = nl_

n—1,n-2 n—2,n—1 6EI y
K1 1) K1 1 (16)
lnfl ln72 anl ln—l lnfl ln

/

2

l K

Op gy =2ty m n2 g L (17)
" 3R 3EL 2 L

5n—1,r1+1 = §n—1,n+2 = 5n—2,n+1 = 5n—2,n+2 = : (18)
= Ontln-2 = 5n+l,nfl = 5}14—2,1172 = 5n+2,nfl =0
L, I, K o1 Y
n-2,n-2 = = +ﬂ+ - +Kn72 —t— (19)
"2 T3EL3EL 2 1, 1

2
L. L., K 11
L = L 5 B 2 S N LS 1)
e 3 3e 2, 0

n+l n+2

/

— _ ‘n+2
5n+l,n+2 - 5n+2,n+l - 6EI -

(21)
K_{LLJK_[LLJ
ln+2 Zn+1 ln+2 ln+2 ln+2 ln+3

2
l l K 1 1
S —nt2 | Tndd | el g _ 22
n+2,n+2 3E] 3E] 15+2 n+2 ln ( )

+2 n+3

The free members of the canonical equations system
will be equal to the following expressions:

B,p Aar K, K
A, p=— gl g ol R LR (23
n,F EI EI l,,, n—1 I,HI n+l ( )
_ Bn—Z,F An—l,F _
R R El
1 1 K @4)
_Kn—Z Tt Rn72 +L71Rn—l
ln—Z ln—l ln—l
A _ Bn+2 F An+3,F
n+2,F EI El
| | (25)
n+l
+ Rn+1 _Kn+2 (_+_J Rn+2
n+2 n+2 n+3
_ Bn—l F An,F
"B EL
! ! (26)
n—=2
+ Rn—2 _Kn—l (_+_JR71—1
/
n-1 n—1 n
A _ Bn+1,F An+2,F _
n+l,F EI EI
1 1 K @7)
n+l (_+ erH—l + ln+2 Rn+2
n+l n+2 n+2
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To find fictitious reactions, it is necessary to build a
plot of bending moments in the basic system from a
given load. The constructed plot should be taken as a
fictitious load. From this load, fictitious reactions are
found by the formulas (we can use ready formulas to
determine fictitious reactions [13, p. 208]):

Bn,F =4ApF = (Z’E 5 (28)
B, or=40r= q12,3,42 ; (29)
B r=4d = qf: ; (30)
Bn+1,F = An+1,F = %34“; (€29)
By r= An+2,F = qu—f 5 (32)

. qff : (33)
Ry =Lt Lo, (34)
R, _%ﬂlgl ; (35)
Ry = 2t B2 (36)
R, =Ty B, (7)
Ry = T2 Ls (38)

Taking the supports at the location of the rafters ab-
solutely rigid, the pliability of them will be equal to
Zero:

Kn—3 = Kn = Kn+3 =0. (39)

The wxMaxima computer algebra system was used to
find the solutions of the system. Solving the problem in
this software according to the calculation model
showed a significant reduction of the maximum design
bending moment in the double-span purlin. It can reach
20% at standard span (6 m =1 m+ 4 m + 1 m) and
average stiffness of supports with rafter stays (1.0 — 1.2
kN/mm) that essentially influences the general metal
consumption of load-bearing elements of a framework
(to 15%). The calculation of the model by the finite el-
ement method in software Consteel showed high con-
vergence of the results, which does not exceed 0.3% in
the direction of increasing reliability (Fig. 6). It was
also found the optimal angle of rafter stay inclination
relative to the vertical, which is about 30°. When it in-
creases to 45°, a slightly smaller bending moment is ob-
tained, but the rafter stays length increases, which sig-
nificantly affects the total cost of metal.

Conclusions

Rafter stays can not only perform the direct function
but also be used effectively for the restraining of pur-
lins, thus changing their design sketch and reducing the
use ratio of cross-section and steel costs, which is a pos-
itive factor in reducing the metal consumption of load-
bearing elements in a framework with portal frames.
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Figure 6 — Design sketches of double-span purlin without rafter stays and with them;
comparison of bending moment values on plots in software Consteel
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The review of the utilizing directions of the shakers of various designs for consolidation of concrete mixtures at the production
of flat panel elements is executed. The major limitations and advantages of certain designs of shakers are analyzed, the main
production technologies of flat reinforced concrete units in which their use is most reasonable. The evaluation of prospects for
the equipment of different designs to be quickly adjusted to the production program changes is made. The main idea in the
production of flat panel elements on vibrating pads using Industry 4.0 technologies is to use the latest information technology
and automation and that business and engineering processes are deeply integrated.
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AHaJi3 KOHCTPYKUIii BIOPOyCTaAaHOBOK
MAHeJbHMX eJIEMEHTIB Ta HANPAMKIB iX BUKOPHCTAHHS

Hasapenko LL'*, Ibsuenxo O.C.2, Mpurouskuii B.B.3, Hecrepenko M.M.*

' KuiBchbKkuil HaliOHAILHKI YHIBEPCHTET Oy IiBHUIITBA Ta APXITEKTYPH
2KuiBchKuii HAlIOHANLHUH yHIBEPCUTET OY/IIBHULITBA T apXiTEKTYPH
3 KuiBchKuii HaliOHANEHUH yHIBEPCUTET OY/IIBHULITBA T apXiTEKTyPH
4 Hauionanbhuii ynisepcutet «IlonTaBebka nositexnika iveni FOpist KonjpaTiokar»
*Anpeca st muctyBaHHs E-mail: i nazar@i.ua

BukoHaHo aHaJIi3 HaNPSIMKiB BUKOPUCTAHHSI Pi3HUX KOHCTPYKIiH BiOpoMaiiiaHIMKiB IS yIIiIbHEHHS OCTOHHUX CyMilliel mpu
BUPOOHUIITBI INIOCKUX TTAHEJIbHUX SIIEMEHTIB i3 MOMIIMBUM 3aCTOCYBAaHHSIM CYYacHHX TEXHOJOTIH iHgycTpii 4.0 mst migsu-
IIeHHs 3arajbHOi eeKTHBHOCTI OyniBHUITBA. [IpoaHanizoBaHO OCHOBHI HEIOJIKHM 1 IMepeBaru THX UM iHIIMX KOHCTPYKIiit
BiOpOMalilaHYMKIB, BUSBIICHI OCHOBHI TEXHOJIOT1] BUPOOHUITBA INIOCKUX 3aJ1i300€TOHHUX BHPOOIB, Yy IKHUX iX BUKOPUCTAHHS
€ HaOUIBII JOIITPHIM. BHKOHAHO OIIHKY i BUSBJIEHO MOKJIMBOCTI OOJIafHAHHS PI3HUX KOHCTPYKIIH OyTH IMIBHAKO IepeHa-
JIaro/LKEHUMH I1iJ] 3MiHU BUPOOHUUOT Iporpamu. BeranoBneHo, o y nepeBakHii OUTBIIOCTI y TeXHOJIOTIT 30ipHOTrO0 3aI1i300e-
TOHY BUKOPHCTOBYIOTh MAJIOPYXOMi OETOHHI CyMillli 3 SIKMX y pe3y/IbTaTi BUPOOISIIOTH MOTPIOHI 5K 32 KOHDirypamiero Tak i 3a
HaJIC)KHOIO SIKICTIO IOBEPXOHb CYLJIbHI (OAHOLIAPOBI) MaHEIbHI 32113006 TOHHI €IeMEHTH, SIKi BiAMOBIAA0Th HEOOXITHUM BH-
MOraMm 110 MiIHOCTi, BOJOHEIPOHUKHOCTI, MOPO30CTIHKOCTI 1 MPH LbOMY 3 HAJICKHOIO SKICTIO MOBepXoHb. OCTaHHI IecATH-
JTTS BCe OLIBIIOrO BUKOPUCTAHHS HAOyBalOTh Pi3HOTO poay OaraToLIapoBi MaHENbHI €JIEMEHTH, sIKi CKIaJaloThCs 3 IIapiB
3a)1i300€TOHY, PO3MIJIEHOTO Pi3HUMH 32 CKJIaJ0M 130/II0BAIbHUMH MaTepianamMu. Y 000X BHIAIKaX CyMill, sIKa 3aBaHTAXXCHA Y
(opMy, BIMarae J0OJaTKOBOTO YIIUIBHEHHS I 3MEHIICHHS KUTBKOCTI ITOBITpS 1 BUTICHEHHS 3aifBoi pimunan. Hai6insmn pos-
MMOBCIO/DKEHHM METOJIOM YIIUIBHEHHS € 00’ €MHUI METOJ 3 BUKOPUCTAHHIM BiOpamiiHOi 1ii Ha 0OpoOIIIoBaHEe cepeOBHIIIE,
JUISL 9OTO 3a3BHYail BUKOPUCTOBYIOTH BiOpamiiiHi MaiiJaHIMKH Pi3HUX KOHCTPYKIiN. BeTanoBneHo, o OCHOBHA ifiest IpH BH-
POOHHLTBI IIIOCKKX MaHEIbHUX SIEMEHTIB Ha BIOpOMaiilaHIMKaX i3 3aCTOCYBaHHIM TEXHOJIOT1H iHIycTpil 4.0 mossirae B ToMy,
11100 BUKOPHCTOBYBATH HOBITHI iH(OpMALiiiHI TeXHOJIOri Ta aBTOMaTH3awilo, o0 Oi3Hec-mpolecH Ta iHKEeHEepHi IPOLecH
Oynu ranboKo iHTerpoBaHi. 3aBIsSKH bOMY BUPOOHHUIITBO IPALIOBATHME THYYKHM, €()EKTUBHUM Ta €KOJIOTIYHO YHUCTHM CIIO-
co0O0M i3 MOCTIHHO BUCOKOIO SIKICTIO Ta HU3bKOIO BapTICTIO.

Kiro4oBi ci10Ba: nepeHanaropKeHHs, najieTa, BiOpoyCcTaHOBKA, TEXHOJIOTIS, 00 €eMHE YIUTEHEHHS.
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Introduction

Nowadays, the selection and use of equipment that
would best meet the technological production scheme of
flat reinforced concrete products is an increasingly im-
portant task. At the same time, the most responsible pro-
cess is the consolidation of concrete mixtures on shakers,
vibrating tables, which should ensure high productivity
and product quality. In addition, such equipment should
provide opportunities for rapid readjustment of produc-
tion lines depending on market needs.

Review of the research sources and publications

In times of increasing use of the monolithic-frame
method of building construction, the technology of
manufacturing precast reinforced concrete structures
seems to have lost its relevance. However, it opens a
new milestone in the form of the use of precast units in
monolithic technology, various types of floors, cabins,
which can accelerate the construction rate by reducing
the number of concrete works on the construction site
[1]. The costs of materials used in the reinforcement of
units in the factory are much lower [2]. Also, this tech-
nology does not lose its relevance in the construction of
low-rise buildings for both private and non-residential
use. The most common method of compacting concrete
mix in factory production conditions is the three-di-
mensional vibration method of forming [3].

Definition of unsolved aspects of the problem

The equipment used in compaction has a wide range
of both design and manufacturing technology of prod-
ucts in which it is advisable to use, which causes prob-
lems in choosing both equipment [4] and technological
parameters of the compaction process [§].

Problem statement

The work aims to review the designs of vibrating
equipment for volumetric compaction of concrete mix-
tures and to analyze the production technologies in
which their use is most appropriate.

To achieve this goal it is necessary to solve the fol-
lowing tasks:

— to inspect the most common designs of vibrating
equipment for forming and compacting flat reinforced
concrete units;

— analyze their advantages and limitations;

— assess the possibilities of different designs of vibra-
tion equipment for rapid readjustment, depending on
changes in the production program.

Basic material and results

The vast majority of precast reinforced concrete tech-
nology uses low-density concrete mixtures, which re-
sult in manufacturing the continuous (single layer) re-
inforced concrete panel units of the required configura-
tion and proper surface which meet the necessary crite-
ria of strength, water- and frost resistance having an in-
dependent surface quality

In recent decades, various types of multilayer panel
elements, which consist of layers of reinforced concrete
separated by insulating materials of different composi-
tions, have become increasingly used.

In both cases, the mixture, which is loaded into the
mold, requires additional compaction to reduce the
amount of air and displace excess fluid [7]. The most
common method of compaction is the three-dimen-
sional method with the use of vibration action on the
treated medium, which usually uses vibrating pads of
different designs.

In the production of solid reinforced concrete units in
the conditions of flow-aggregate and conveyor technol-
ogy, the most common at present are vibrating station-
ary platforms of frame or block construction with re-
movable forms (Fig. 1) [2].

Figure 1 — Vibration platform for compaction
of concrete mix in removable forms

The following technological and operational require-
ments are set for them: achieving the required degree
of compaction of the concrete mixture throughout the
unit, high productivity, reliability, as well as durability
of equipment and compliance with sanitary and hy-
gienic standards, ease of maintenance.

Vibration platforms of the frame type have been used
in the twentieth century for a long time. They became
most widespread due to developments and research at
Poltava Civil Engineering Institute in 1972 and were
mostly used for compaction of large concrete products
weighing 10-50 tons, with low noise, oscillations
mainly in the horizontal plane, and operation at low os-
cillation frequency 24 Hz.

We will consider designs of frame vibrating plat-
forms in more detail by the example of the VPG 1,5x12
vibrating platform which scheme is shown in fig.2.

Vibrating platform HSV 1.5x12 consists of a mova-
ble frame 1, which is welded from channels and steel
sheet, in the middle part there is a ledge 2 for rigid
mounting unbalanced vibrator excitation of circular ac-
tion with a vertical shaft (vibrator) 3, the movable
frame rests on eight elastic rubber-metal supports
mounted on the support frame 5. Rubber-metal sup-
ports work on shear and compression, providing hori-
zontal and vertical components of vibration.

The electric motor 6 is mounted on the lower support
frame and transmits rotation using a V-belt transmis-
sion to the vibrator pulley. The mold with the concrete
mixture is fixed on a movable frame between the rigid
stops 7.

The simplicity of a design allows to reach low noise
level in workplaces, has high reliability and efficiency
of compaction.
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Figure 2 — VPG 1,5x12 vibrating platform scheme

The simplicity of a design allows to reach low noise
level in workplaces, has high reliability and efficiency
of compaction.

The disadvantage of frame vibrating tables is the high
metal capacity of the structure, due to the requirements
for rigidity of the structure, which must be kept under
high loads, transmit vibrations from one vibrator and dis-
tribute them evenly over the whole area of the mixture.

The blocked vibrating tables were another develop-
ment area for compaction of concrete mixtures with vi-
bration or shock-vibration action on the mix.
Serial block vibrating tables such as SMZh-187 and
SMZh-200 were proposed in the late 50s of the last cen-
tury at the VNDI Buddormash. These vibrating tables
were generating vertical harmonic frequency oscilla-
tions up to 50 Hz. The concrete’s mixture form is
mounted on a frame with electromagnetic grips.
The scheme of construction of the vibrating table
SMZh-187 is presented in Fig.3.

=

e

Figure 3 — Scheme of the vibrating table SMZh-187

The SMZh-187 vibrating tables consist of eight vi-
brating blocks 1 with the vibrators 2 mounted on them,
generating vertical fluctuations.

Vibrating blocks rest on the elastic pile 3, which is
mounted on the foundation. The vibrators of all four vi-
brating blocks are interconnected by cardan shafts 4,
and they provide synchronous operation. The drive of
the vibrating table consists of two motors 5, which are
connected to the vibrators by synchronizers 6 and car-
dan shafts. The form with the concrete mixture 7 is
fixed with the help of electromagnetic grips 8.

Low-frequency vibrating tables with vertical oscilla-
tions freely mounted on them through elastic gaskets
forms have also become quite common in reinforced
concrete plants due to high efficiency in the compaction

of mixtures. The low-frequency vibrating tables in-
clude the shock-vibration platform UVP-10 (Fig. 4),
developed based on the design of the vibrating table
SMZh-187A.
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Figure 4 — Scheme of shock-vibration table UVP-10

It consists of four vibrating blocks 3 with vibrators
5 connected to them from below, which create vertical
oscillations. The frame of each vibrating block rests on
elastic support elements 4 mounted on the foundation.
The vibrators of all four vibrating blocks are intercon-
nected by cardan shafts 6 due to their synchronous op-
eration is provided. The drive of the vibrating table con-
sists of two motors 8, of which there are synchronizers-
frames 7 and cardan shafts are connected to the vibrat-
ing frames.

The main difference is that between the mold with mix-
ture 1 and the vibrating block table 3, elastic rubber ele-
ments 2 are established, which allows implementing the
shock-vibration mode of the site. The shock-vibration
mode of work increases compaction efficiency, and rub-
ber elements reduce the noise load in the workshop.

The block design of vibrating tables, in general, allows
adjusting them to a certain type-size of the product,
which is planned for production on the production line,
by changing the number of vibrating blocks. This, in
turn, reduces the company's costs when changing the
production program, changing the size of products, and
more.

Among the disadvantages of block vibrating tables
there may be noted lower, compared to the frame, reli-
ability due to the high number of components: gear-
boxes-synchronizers, elastic supports, card shafts, due
to which such structures create high noise levels in the
workplace.
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There are constructions of tables in which the frame
with vibration exciters of oscillations is at the same
time a pallet (form) for concrete mix (Fig. 5), some-
times they are called stationary vibrating tables.

Figure 5 — The vibrating table with mounted
exciters of oscillations

The scheme of this table is presented in Fig.6. It con-
sists of a frame 1, which is mounted on elastic piles 2.
The installation is actuated by excited oscillations 3,
which are mounted asymmetrically on the structure's
frame [5]. The structure's frame is directly and is a pal-
let (form) on which to perform compaction of concrete
mixtures 4. The dimensions of the future product are
formed due to removable magnetic boards and parti-
tions in the plan. On such vibrating tables, they perform
laying of reinforcing structures, concrete mix, sealing,
and partial steaming of the product, thanks to the heat-
ing registers established under the table. After the prod-
uct has gained sufficient strength, it is removed from
the vibrating table and transported to the steaming
rooms for final aging.

AR

Figure 6 — Scheme of a vibrating table
with mounted exciters of oscillations

Y

A
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These vibrating tables have advantages such as reduc-
ing the metal content of the structure due to the uniform
installation of mounted vibrators along the contour of
the frame, which reduces its stiffness and increases the
uniformity of oscillation amplitudes over the area of the
forming surface and energy transfer. Product’s differ-
ent sizes compaction is due to the use of the magnetic
boards and partitions.

The disadvantage is the lower productivity due to the
lack of removable forms, due to such tables being used
in the stand technology of small and medium-scale pro-
duction of flat reinforced concrete products.

Recently, the use of multi-layered elements as prefab-
ricated units, which are several materials connected in
one panel, is becoming more and more common.

i, 2R

These include the following types of products
(Fig.7-9):

- double wall (Fig. 7, a), consisting of two parallel
prefabricated reinforced concrete slabs with a thickness
of at least 50 mm, interconnected by lattice trusses at
some distance, resulting in an air layer appear, which
allows reducing thermal conductivity;

- double wall with additional intermediate insulation
with foam (Fig. 7, b), which serves to further reduce the
thermal conductivity of the panel for use in cold re-
gions;

- wall sandwich panel (Fig. 8, a), which consists of an
outer massive reinforced concrete part and smooth in-
ner slab, the space between which is filled with insulat-
ing material;

- facade walls (sandwich panels) (Fig. 8, b), which
differ from the previous type of panels in that the outer
(front) part is provided with various design solutions,
such as washing, grinding, or polishing and the use of
matrices and facing materials for decoration;

- walls made of light concrete (Fig. 9), with or without
decoration of the front sides.

J

Figure 7 — Multilayer thin-walled elements:
a — with an air layer;
b — with an air layer and foam

Figure 8 — Sandwich panels with
a heat-insulating layer:
a — without external decoration;
b — with external decoration

Figure 9 — Solid slabs of lightweight concrete
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Using prefabricated multilayer slabs (panels) enables
operating all the advantages of precast concrete tech-
nology. It significantly reduces the time of building
concrete work on the construction site and reduces their
cost, also creating residential and non-residential build-
ings that will comply with modern technical solutions
for energy efficiency.

As you can see from the above elements, the finished
panels vary in type, form and size. From this, we can
conclude that they require the use of appropriate pro-
duction technologies and equipment that will allow
without significant readjustments of production lines to
perform their production.

A large number of companies around the world spe-
cialize in the development of such equipment, includ-
ing Ebawe, Avermann, Weckenmann.

The main requirement for more flexibility and
productivity of the technological line is using fully
standardized variable forms, the so-called "forming
pallets" (Fig. 10).

Figure 10 — Molding pallet for the production
of panels

Such pallets pass through all processes at the produc-
tion of prefabricated elements and are used both at the
bench and on aggregate-current technology. The di-
mensions of the future product in the plan are formed
due to removable magnetic boards and partitions.

To complete the compaction of mixtures in pallets,
the vibrating units are used (Fig. 11), in which all the
elements inherent in conventional vibrating tables are
separate nodes. They are connected only by an installed
molding pallet.

Figure 11 — Vibrating structures for mixtures
compaction in molding pallets
of different manufacturers:
a) Ebawe; b) Weckenmann

In this case, such structures can perform seals in the
vertical or horizontal directions and simultaneously in
both directions.

The schematic diagram of this vibrating structure type
is shown in Fig.12 and consists of mounted on the foun-
dation of elastic supports 1, vibrating blocks 2, vibroi-
solating from the foundation by elastic elements 3. The
elastic supports and vibrating blocks have locks 4 for
fixing the molding pallet 5 with concrete mixture 6 dur-
ing the sealing process. The lock for the fastening of a
pallet can be electromagnetic, pneumatic, or with a me-
chanical drive.

-
e BN A e

Figure 12 — Schematic diagram of a vibrating
structure for vibrating molding pallets

The high reliability of the structure due to the separa-
tion of the nodes from each other [6], low noise, high
performance, the ability to change the direction of os-
cillations, and vibration frequency during operation are
among the advantages. It makes it possible to perform
compaction of elements with different characteristics
and enables flexible and logistical efficient organizing
the production process and its quick-adjusting when
changing the production program, which in today's en-
vironment is an important factor.

Among the disadvantages is the inexpediency of their
use in small and medium-scale production of prefabri-
cated structures.

Swivel (tipping) vibrating tables or tilters have be-
come widespread (Fig. 13). They are used in the pro-
duction of flat precast concrete products (single-layer,
multilayer). The design of rotary tables is an improved
version of the stationary vibrating table, which is addi-
tionally equipped with mechanical devices or hydraulic
cylinders to move the surface from horizontal to close
to vertical (about 80 degrees to horizontal).

~y e 7 A\
SRS

NV

Figure 13 —~-Weckenmann turntable
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Moving the molding surface to an almost vertical po-
sition enables the safe removal of the element with the
least risk of damage.

Therefore, the industry needs a radical change and it
is the Industrie 4.0 that addresses this change. The core
idea of Industrie 4.0 is to use the emerging information
technologies to implement IoT and services so that
business processes and engineering processes are
deeply integrated making production operate in a flex-
ible, efficient, and greenway with constantly high qual-
ity and low cost [10, 11].

Conclusions

As a result of the analysis completed, the main struc-
tures of vibrating machines for three-dimensional com-
paction of concrete mixtures in the production of pre-
cast reinforced concrete structures are determined.
The production technologies in which they are mostly
used were given. Their disadvantages and advantages
in terms of logistically efficient organization of produc-
tion activities are considered. It was found that in the
modern realities using flat prefabricated reinforced
concrete structures, it is advisable to choose such
equipment in their production that will allow you to
quickly readjust production depending on changes in
the production program without excessive costs.
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The analysis of heat-protective properties of the existing attic floor of the educational building of National University
«Yuri Kondratyuk Poltava Polytechnic» showed their non-compliance with regulatory requirements. The required thickness of
the insulation in the attic floor was determined without taking into account the heat-conducting inclusions. Overlapping areas
with heat-conducting inclusions reduce the reduced heat transfer resistance. In the attic floor, these are the areas where the floor
adjoins the inner and outer walls. It is possible to increase the reduced heat transfer resistance due to additional insulation of
external and internal walls within the cold attic. The study determined the optimal length of additional insulation for eight
different options. To determine the optimal value, options for additional insulation of external and internal walls within the
attic with a simultaneous reduction in the thickness of the insulation on the attic floor were considered.

Keywords: heat-conducting inclusions, insulation of cold attic walls, optimal insulation option.

Bu3zHayeHHsI ONTUMAJIBHOIO BapiaHTy yTeNJIeHHS
TOPHUIIIHOTO MEePEKPUTTH HABYAJIBHOIO KOPIyCy

I0pin O.1.1, 3uryn A.JO.?*, Knenko A.B.3, Kinico Maxuinza®

1234 Hanionansnuii yrisepcuteT «Ilonrasebka nomitexHika iMeri IOpis Konaparioka»
*Anpeca s muctyBanHsa E-mail: alinazygun@gmail.com

PoGora npucBsiueHa BU3HAYEHHIO ONTUMAIFHOTO BapiaHTy yTEeIUIEHHS TOPHUIIHOTO NEPEKPHUTTS HaBUaIbHOTO Kopmycy Hario-
HasbHOTO yHiBepcuteTy «llonraBchka nomitexnika iMeHi FOpist Konnparioka». AHaii3 TeIIo3aXiCHUX BIaCTUBOCTEH iCHYIO-
YOro TOPHIITHOTO NEPEKPHUTTS [I0Ka3aB HEBIAMOBIAHICTh iX HOpMaTHBHUM BUMoraM. byia Bu3HaueHa HeoOXifHA TOBIIHHA yTe-
IUIIOBaya y TOPHUILHOMY IEPEKPUTTI Oe3 ypaxyBaHHS TEILIONPOBIIHUX BKIIOYEHb. AJle HA TEIJIO3aXHCHI BIACTUBOCTI TOPHIL-
HOTO NEPEKPUTTS 3HAYHUN BIUIMB 3AIHCHIOIOTH AUISHKU IEPEKPUTTS 3 TEIUIONPOBIIHUMH BKIIOUCHHAMH. BOHM 3MeHIIYIOTH
HpHBeeHHUIT onip Temonepenayi. TakuMu IUITHKAMH Y TOPHILHOMY NEPEKPUTTI € AUITHKY IPUMHMKaHHS IEPEKPUTTS 10 BHY-
TPILIHIX Ta 30BHILIHIX CTiH. 30UIBIINTH PUBENCHUH OMIp TeIuIonepenayi MOMKIMBO 328 PaXyHOK JOJATKOBOIO yTEIUICHHS 30-
BHIIITHIX Ta BHYTPIIIHIX CTIiH y MeXaX XOJIOJHOTO ropuia. Y poOoti Oyiau po3risiHyTi BapiaHTH JOJaTKOBOTO YTCINICHHS Y
MeKax XOJIOAHOTO FOpHIIa: 30BHINIHBOI CTiHM 3 30BHINIHEO] CTOPOHH, 30BHIITHEOI CTIHM 3 BHYTPIIIHBOT CTOPOHH, 30BHIITHBO1
CTiHH 3 BHYTPIIIHBO{ Ta 30BHIIIHBOI CTOPOHH, BHYTPIIIHIX CTiH, 30BHIIIHBOI CTIHH 3 30BHIIIHHOI CTOPOHH Ta BHYTPIIIHIX CTiH,
30BHIIIHBOI CTIHM 3 BHYTPINIHEOI CTOPOHH Ta BHYTPIIIHIX CTiH, 30BHIIIHBOI CTIHM 3 000X CTOPIiH Ta BHYTPIMIHIX CTiH, 30116~
IICHHS TOBLIMHU YTEIUIIOBa4Ya TOPUILHOTO NEPEKPUTTS. Byl BU3HaueH] onTHMabHI BapiaHTH JOBXUHHU JIOATKOBOTO yTell-
JICHHS JJISHOK 3 TEIUIONPOBIHUMH BKJIFOYEHHSAMH. 32 ONTUMaNbHI IPUAMaNnCs Taki JOBXUHU JJOJATKOBOTO yTEIUICHHS IIPU
SKUX MOZaJIbLIe 301IbIICHHS JOBXKUHY yTEIUTIoBaya He Jla€ iCTOTHOTO 301IbLIEHHS IPUBEICHOTO ONopy Terionepenadi. JJoc-
JiJDKEHHS M0Ka3aJly, 10 BapiaHT MiABUIIEHHS TOBILIMHH yTEIUIIOBAa4a HA TOPUIHOMY NepekputTi 1o 400 MM 103BOIIsE 1OCS-
THYTH HOPMOBAHOT'O 3HAUECHHS TEIUIO3aXUCTY UL TOPUIIHOTO MEPEKPUTTS. AJle JaHUil BapiaHT YTEIUICHHS € €KOHOMIYHO He
JOIUIBHUM TaK SIK HOTpeOye 3HAUHOTO 301IbIIeH s 00’ €My yTerumoBayda. {71 BU3HaUEeHHS! eKOHOMIYHO ONTHMAJIBHOTO Bapia-
HTa OyJM pO3IIITHYTI BapiaHTU JOAATKOBOTO yTEIUICHHS 30BHINIHIX Ta BHYTPILIHIX CTIH y MeXaX TOPHIIA 3 OAHOYACHUM 3Me-
HIICHHSIM TOBIIVHH yTEINTIOBAYa HA TOPUIHOMY IIEPEKPHTTI.

Ki1ro4oBi cj10Ba: TEIIONPOBIAHI BKIIOYECHHS, YTEIUICHHS CTiH XOJIOAHOTO FOPHIIA, ONTHMAJIbHUIT BapiaHT yTEeIUICHHS
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Introduction

Ensuring the projected regulatory level of thermal
protection of buildings is the main task of modern de-
sign and construction in Ukraine.

Heat losses through sections of walls of complex con-
figuration are usually different from heat losses through
sections accepted for thermal calculation. Areas of
complex shape include nodal joints of walls with mez-
zanine floors, adjacency of window filling to the walls,
corners of walls, etc. Such and similar nodes are «cold
bridges», which significantly reduce the value of the re-
duced resistance to heat transfer of enclosing structures.

Additional insulation of the main field of enclosing
structures is economically impractical, as it requires a
significant increase in the volume of insulation. There-
fore, it is necessary to find ways to insulate the nodes
with heat-conducting inclusions that would bring the
reduced resistance of heat transfer to the requirements
of the norms.

Review of the research sources and publications

Research on building thermophysics devoted to
the calculation of temperature fields of sections of ex-
ternal enclosing structures of complex configuration
belong to such prominent scientists as K. Fokin [1],
A.Lykov [2], V.linskiy [3], M. Miheev [4],
A. Shklover [5], A. Mogilat [6], as well as modern re-
search  H. Fareniuk [7], A. Prishchenko [8],
M. Tymofieiev [9, 10], S. Fomin [11].

Definition of unsolved aspects of the problem

A significant number of works by many authors are
devoted to the study of heat-protective properties of
sections of external walls of complex configuration
[12,13].

The option of increasing the heat-protective proper-
ties of the cold attic floor due to additional insulation of
its external and internal walls was not considered. Re-
search in this area is relevant.

Problem statement

The aim of the work is to increase the level of thermal
protection of cold roof enclosing structures by improv-
ing the thermal solutions of attic floor units with heat-
conducting inclusions.

Research objectives:

— perform an analysis of the heat-protective properties
of the floor of the educational building of the National
University «Yuri Kondratyuk Poltava Polytechnicy;

— perform an analysis of ways to improve the heat-
protective properties of the attic floor with heat-con-
ducting inclusions. Identify a cost-effective option.

Basic material and results

Thermally conductive inclusions reduce the reduced
resistance to heat transfer of enclosing structures. In the
construction of the attic floor, heat-conducting inclu-
sions are the joints between the outer and inner walls
with the floor structure.

To calculate the reduced heat transfer resistance of
the attic floor, it is necessary to know the values of the

linear heat transfer coefficients of these heat-conduct-
ing inclusions.

Determination of linear heat transfer coefficients is
performed according to the method [14,15], which in-
volves the calculation of temperature fields of these ar-
eas.

The cold attic of the educational building of the Na-
tional University «Yuri Kondratyuk Poltava Polytech-
nic» was accepted for research. The performed re-
searches of the value of heat protection of the existing
external enclosing constructions of the educational
building do not satisfy the norms. The facades of the
educational building are shown in Figure 1 and 2.

Figure 1 — The main facade of
the educational building

Figure 2 — Side facade of the educational building

Areas, where the linear heat transfer coefficients were
determined, are:

1. Connection of the outer wall with the construction
of the attic floor (node 1);

2. Connection of the inner wall with the construction
of the attic floor (node 2).

ELCUT software is used for further calculations of
two-dimensional temperature fields.

To increase the heat-protective properties of the outer
wall, it was proposed to insulate it with a layer of min-
eral wool IZOVAT, density po = 135 kg/m’ and thick-
ness 150 mm. Insulation must be performed on the out-
side after removing the finishing layer from the ceramic
tile, cleaning and repairing the outer surface of the wall.
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Determination of the linear heat transfer coefficient
of the node Nel.

The calculation scheme for determining the linear co-
efficient of the node Nel is shown in Figure 3.

MULTIROCK ROLL,
=23 kg/m?

Perlite concrete, p=800 kg/m?

Reinforced concrete slab

1000

»=2500 kg/m?

200

Mineral wool ~

IZOVAT /

220

p=135 kg/m?

1000

Brick
p=1800 kg/m?

150 510 1000

Figure 3 — Calculation scheme for determining
the linear coefficient of the node Nel

The calculation of the linear heat transfer coefficient
is performed according to the formula:

J
ky = ZL%D —ZUi 1 =
=0.545+0.444-0,199-1-0,235-1=0,556 W/(m-K)

where L?* — linear coefficient of thermal connection,
WI/K, respectively in the areas of the attic floor and the
outer wall is determined by formulas:

L2D _ Qtot.at — 21.101 =(0.545 W/K
=i 21— (-17.7)
120 = Qo _ 19104 0wk

Yo~ 21-(=22)

where Quorar, Orornw — the heat flux passing through the
attic floor and the outer wall, respectively, W, is deter-
mined on the basis of the results of the calculation of
the two-dimensional temperature field (Figure 4);

Oorar=21.101 W ;

th_w = 19,104 W

where t;, — temperature, °C, indoor air #;, =21 °C
Since the difference between the outside air tempera-
ture and the attic temperature is 0.9 of the difference
between the outside air temperature and the room tem-
perature, the attic temperature is determined by the for-
mula:

far=0.9 (Lox —

=09 (22+21)+21=-17,7°C
U, U, — heat transfer coefficients of one-dimensional
fragments, W/(m>K), respectively, the floor and the
outer wall separating the studied medium is determined
by formulas:

tin) + tin=

11
U, = =0.199 W/(m>K)
Ry, 5024
11 ,
U, = =0.235 W/(m?K)
Ry, 4248

Figure 4 — Results of calculation of temperature
field of node Nel

where Rz, ; R, — heat transfer resistance of the ther-
mally homogeneous part of the attic floor and the wall,
respectively, (m*K)/W, determined by formulas:

Ryw=——+2R+
Ainar  i=l Aox.at
_ 1 51 + 52 53 1 —
Uin.at ﬂ‘lcal ﬂ’anl ﬂ’?)cal A ox.at
1 022 0 07 0. 20 1

T87 204 033 0044 12
=5.024 (m>K)/W

Ry ., = ! +i+§+§+ﬁ+§+ L _
g A A A A A o«

m.w

ex.w

0.014 1
4+ —=
093 23

1 002 051 0.01 0.15
=—-x + +
87 081 0.81 093 0.044

=4.248 (m2K)/W

Qin.at , Oin.w — heat transfer coefficients of internal sur-
faces, respectively, attic and wall, W/(m?-K), which are
accepted in accordance with Annex B [14]:

inar = 8.7 W/(m2K); Ginw = 8.7 W/(m*K) ;

Qex.at » Olex.w — heat transfer coefficients of external sur-
faces, respectively, attic and wall, W/(m?-K), which are
accepted in accordance with Annex B [14]:

ex.ar = 12 W/(m?*K); Qerw =23 W/(m?>K) ;

l1, I, — lengths, respectively, of the attic and the wall,
m, to which the values are applied U; and U,
L=1m;L=1m
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Determination of the linear heat transfer coefficient
of the node Ne2.

The calculation scheme for determining the linear co-
efficient of the node Ne2 is shown in Figure 5.

MULTIROCK ROLL,

p=23 kg/m?

Perlite concrete, p=800 kg/m?

Reinforced concrete slab

1000

»=2500 kg/m*

g
Q

13

=y
Q
S
8
=1
=

| Brick
pr1800 kg/m?

1000 510 1000

Figure S — Calculation scheme for determining
the linear coefficient of the node Ne2

The calculation of the linear heat transfer coefficient
is performed according to [15] according to the for-
mula:

J
ky = ZL?D -2U; ;=
i=1
=1.066 —0,199-2 = 0.668 W/(m-K)

where L** — linear coefficient of thermal connection,
W/K, on the site of the attic floor is determined by the
formula:

Orora 41.236
LitD: tot.at

= = 1.066 W/K
ty—1, 21—(-17.7)

where Quorar, Qrorw— heat flow passing through the attic
floor and the outer wall, W, determined on the basis of
the results of the calculation of the two-dimensional
temperature field (Figure 6);

Oiorat =41.236 W

where t;, — temperature, °C, indoor air indoor air
tin=21°C.

VVVVVV

4

184

Figure 6 — Results of calculation of temperature
field of node Ne2

Since the difference between the outside air tempera-
ture and the attic temperature is 0.9 of the difference
between the outside air temperature and the room tem-
perature, the attic temperature is determined by the for-
mula:

tut = 09 (tex - tin) + tin =
=09 (22+21)+21=-17.7°C
Ui — heat transfer coefficient of one-dimensional frag-
ment, W/(m?K), the overlap separating the studied me-
dium is determined by the formula:
1 1

—=0.199 W/(m>*K)

U, = =
""" Ry, 5.024

where Rz, — heat transfer resistance of the thermally

homogeneous part of the attic floor, (m*K)/W, deter-
mined by the formula:

1 Ul 1
Ry 4 = +2 R+ =
Ainar  i=1 ex.at
S W S TS S
Ain.at ﬂ’lp 1217 1317 Aex.at
1 022 007 020 1

=—+ + + +—=
87 2.04 033 0.044 23
=5.024 (m2K)/W

i — the length of the attic floor, m, to which the value
is applied Ui, [y =1 m

Determination of the reduced heat transfer resistance
of the attic floor structure

The configuration of the design area for determining
the reduced resistance to heat transfer to the attic floor
is shown in Figure 7.

8545 1 3690 1 45
20700

Figure 7 — Configuration of the calculation
scheme for determining the reduced heat transfer
resistance of the attic floor

The width of the calculated section is assumed to be
1 m.

The reduced heat transfer resistance of the attic floor
is determined by the formula:
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Fy
RZI - n Fi m k -
zi:lTZ_ + 2k L+ 2 PNy

_ > _
If—l+k1L1x2+k2L2x2

>

20,7

~ 19,68
5,024

+0,556x1x2+0,668x1x2
=3.253 (m>*K)/W

where Fs — area of the enclosing structure, m?, deter-
mined by the formula

Fs=20.7x1=20.7m?;

Ry — heat transfer resistance of thermally homogeneous
part of the structure, (m?K)/W, determined by the for-
mula:

RZ = L + Z Rl +L =
Uiy =1 A ox
_ 1L 6 6 6 1
Ui /Ilp X’Zp /13p A ox

1 022 0.07 020 1
8.7 204 033 0.044 23

=5.024 (m*K)/W

F — the area of the thermally homogeneous part of the
enclosing structure, m?, determined by the formula
F1=(8.545+3.69 + 7.445) x 1 = 19.68 m? ;
k1 , k> — linear heat transfer coefficients, W/(m>K), re-
spectively in the place of adjacency of the overlap
structure to the outer and inner walls
k1 =0.55 W/(m?-K) ; k» = 0.668 W/(m*K) ;
Ly, L, — linear size (projection) of linear heat-conduct-
ing inclusions, m;
L1: 1 m,L2:1m.

Determine the difference between the values Rs; and
Rs according to the formula:

R .
n==-:1100-100 ZEIOO—IOO =35.8%
5.064

z

Sincen Rsy =3.253 (m?K)/W < Rymin=4.95 (m*-K)/W
then the heat-protective properties of the attic floor of
the educational building are not sufficient.

Not taking into account heat-conducting inclusions
leads to an overestimation of the actual heat transfer re-
sistance of the attic floor of the educational building by
35.8%.

To bring the heat-protective properties of the attic
floor of the educational building to the regulatory re-
quirements, eight constructive options for insulation
were considered.

Option 1. Insulation of the outer wall on its outer
surface above the level of the top of the attic floor in-
sulation.

Raising the insulation above the level of the top of the
attic floor insulation was assumed to be a multiple of
200 mm. Determination of the reduced heat transfer re-
sistance of the attic floor was performed on the basis of
calculations of the temperature fields of node 1 and
node 2. The temperature field of node 2 is constant.

The calculation results of the reduced resistance of
heat transfer of the attic floor are shown in table 1.

Table 1 — Calculation results of the reduced heat
transfer resistance of the attic floor

©
2. | 2| 2| 3.z
— .S o P a > s>
£ °0F g a8 gy Ex Z
S<S—= 8§ ~ O O DE‘] . & -
e él) a ~ ~ N N
28% = = E a
0 0,556 3,253
200 0,508 3,302
400 0,487 3,325
600 0,477 3,335
800 0,473 0,668 | 3,339 4,95
1000 0,472 3,341
1200 0,471 3,342
1400 0,470 3,343
1600 0,470 3,343

Figure 8 shows a graph of the dependence of the re-
duced resistance to heat transfer of the attic floor on the
increase in the length of the insulation.

Rired, m’-K‘\V
3,360 = - = I .

3,340
3,320
3,300 -

3,280

3,260 -
3,240 +

3,220

3,200 + T T
0 200 400

660 860 1000 12.00 1400 1660 {, mm

Figure 8 — The graph of the dependence of the re-

duced resistance of heat transfer of the attic floor
on the increase in the length of the insulation.

Result for option 1.

1. Additional insulation of the outer surface of the
outer wall of the cold attic does not allow to achieve the
normalized value of thermal protection for the attic
floor.

2. The optimal increase in the length of the insulation
is 800 mm. A further increase in the length of the insu-
lation does not significantly increase the reduced heat
transfer resistance.
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Option 2. Insulation of the outer wall on its inner
surface above the level of the top of the attic floor in-
sulation.

Raising the insulation above the level of the top of the
attic floor insulation was taken as a multiple of 200 mm.
The determination of the reduced heat transfer re-
sistance of the attic floor was performed on the basis of
calculations of the temperature fields of node 1 and
node 2. The temperature field of node 2 is constant.

The calculation results of the reduced resistance of
heat transfer of the attic floor are shown in table 2.

Table 2 — Calculation results of the reduced heat
transfer resistance of the attic floor

Option 3. Insulation of the inner wall above
the level of the top of the attic floor insulation.

Raising the insulation above the level of the top of the
attic floor insulation was taken as a multiple of 200 mm.
Determination of the reduced heat transfer resistance of
the attic floor was performed on the basis of calcula-
tions of the temperature fields of node 1 and node 2.
The temperature field of node 1 is constant.

The calculation results of the reduced resistance of
heat transfer of the attic floor are shown in table 3.

Table 3 — Calculation results of the reduced heat
transfer resistance of the attic floor

[} (]
€8¢ < < = | -3 8¢ ) < | -3
s QO . .- 2~ o S~ Doy . .- 2~ o S~
- 4 g < g g g = Eo°% g o g < E £ £
8?0'3 g ~ O £N' S 8?0'5' g ~ M Q?N- S
5= & y Py ~ g2z < NG .
s L = = g g =L~ = = g g
0 0,556 3,253 0 0,668 3,253

200 0,495 3,316 200 0,492 3,443

400 0,483 3,329 400 0,403 3,549

600 0,482 3,330 600 0,350 3,613

800 0,483 0,668 3,329 4,95 800 0,556 0,321 3,650 4,95

1000 0,483 3,329 1000 0,303 3,674

1200 0,483 3,329 1200 0,292 3,688

1400 0,484 3,328 1400 0,285 3,698

1600 0,484 3,328 1600 0,273 3,713

Figure 9 shows a graph of the dependence of the re-
duced resistance to heat transfer of the attic floor on the
increase in the length of the insulation.
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Figure 9 — The graph of the dependence of the re-
duced resistance of heat transfer of the attic floor

on the increase in the length of the insulation

Result for option 2.

1 Additional insulation of the inner surface of the
outer wall of the cold attic does not allow to achieve the
normalized value of thermal protection for the attic
floor.

2. The optimal increase in the length of the insulation
is 400 mm.

Figure 10 shows a graph of the dependence of the re-
duced resistance to heat transfer of the attic floor on the
increase in the length of the insulation.

Rzred, m*K/W
3,8
3.7 1
3,6

35 1

o] 200 400 600 800 1000 1200 1400 1600

{, mm

Figure 10 — The graph of the dependence of the re-
duced resistance of heat transfer of the attic floor
on the increase in the length of the insulation

Result for option 3.

1. Additional insulation of the inner walls of the cold
attic does not allow to achieve the normalized value of
thermal protection for the attic floor.

2. The optimal increase in the length of the insulation
is 1200 mm.
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Option 4. Insulation of the outer wall on the outer and
inner surface above the level of the top of the attic floor
insulation.

Raising the insulation above the level of the top of the
attic floor insulation was taken as a multiple of 200 mm.
The determination of the reduced heat transfer re-
sistance of the attic floor was performed on the basis of
calculations of the temperature fields of node 1 and
node 2. The temperature field of node 2 is constant.

The calculation results of the reduced resistance of
heat transfer of the attic floor are shown in table 4

Table 4 — Calculation results of the reduced heat
transfer resistance of the attic floor

Option 5. Insulation of the outer wall on the outside and
the inner wall above the level of the top of the attic floor
insulation.

Raising the insulation above the level of the top of the
attic floor insulation was assumed to be a multiple of
200 mm.

The values of the linear heat transfer coefficient k
will be the same as in option 1, and the coefficient k,
as in option 3.

The calculation results of the reduced resistance of
heat transfer of the attic floor are shown in table 5.

Table 5 — Calculation results of the reduced heat
transfer resistance of the attic floor

é) L ~ ~ fgj Qo ~ ~
DE g = ¥ 2.2 0Z g S - S
.ggga 4 g « E Ex g X E°F% g o g < E E £
SEEF| X | X £ | e SEEF| U2 || e | S
5 & & g | ¥g 5 g & = = o
R = = 2587 = = £ £
0 0,556 3,253 0 0,556 0,668 3,253

200 0,452 3,363 200 0,508 0,492 3,498

400 0,378 3,445 400 0,487 0,403 3,633

600 0,348 3,480 600 0,477 0,350 | 3,716

800 0,329 0,668 3,503 4,95 800 0,473 0,321 3,760 4,95

1000 0,317 3,516 1000 0,472 0,303 3,786

1200 0,310 3,525 1200 0,471 0,292 3,803

1400 0,305 3,531 1400 0,470 0,285 3,814

1600 0,294 3,545 1600 0,470 0,273 3,831

Figure 11 shows a graph of the dependence of the re-
duced resistance to heat transfer of the attic floor on the
increase in the length of the insulation.

Rzred, m*K/'W
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Figure 11 — The graph of the dependence of the re-
duced resistance of heat transfer of the attic floor

on the increase in the length of the insulation

Result for option 4.

1. Additional insulation of the inner and outer surface
of the outer wall of the cold attic does not allow to
achieve the normalized value of thermal protection for
the attic floor.

2. The optimal increase in the length of the insulation
is 1200 mm.

Figure 12 shows a graph of the dependence of the re-
duced resistance to heat transfer of the attic floor on the
increase in the length of the insulation.

Rzred, m*K/'W
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Figure 12 — The graph of the dependence of the re-
duced resistance of heat transfer of the attic floor
on the increase in the length of the insulation

Result for option 5.

1. Additional insulation of the inner walls of the cold
attic does not allow to achieve the normalized value of
thermal protection for the attic floor.

2. The optimal increase in the length of the insulation
is 1000 mm.
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Option 6. Insulation of the outer wall from the inside
and the inner wall above the level of the top of the attic
floor insulation.

Raising the insulation above the level of the top of the
attic floor insulation was assumed to be a multiple of
200 mm.

The values of the linear heat transfer coefficient k;
will be the same as in option 2, and the coefficient k,
as in option 3.

The calculation results of the reduced resistance
of heat transfer of the attic floor are shown in

table 6.

Table 6 — Calculation results of the reduced heat
transfer resistance of the attic floor

Option 7. Insulation of the outer wall on the inside
and outside and the inner wall above the level of the top
of the attic floor insulation.

Insulation was taken from the same insulation as on
the main wall. The thickness of the insulation was as-
sumed to be the same (150 mm). Raising the insulation
above the level of the top of the attic floor insulation
was assumed to be a multiple of 200 mm.

The values of the linear heat transfer coefficient k,
will be the same as in option 4, and the coefficient k,
as in option 3.

The calculation results of the reduced resistance of
heat transfer of the attic floor are shown in table 7.

Table 7 — Calculation results of the reduced heat
transfer resistance of the attic floor

28 o o| = | -z £z = d oz - 3
£%52e| sf | s&| E¥ | E% ES2e | 2 £ | 4 4 E 2 E S
5825 S | Y| £a | S 582 | S | 3 O] S o
2 8 E 2 = g g 2 5E = e £

0 0,556 0,668 3,253 0 0,556 0,668 | 3,253

200 0,495 0492 | 3514 200 0,452 | 0492 | 3,566

400 0,483 0,403 | 3638 400 0,378 0,403 | 3,778

600 0,482 0,350 3,709 600 0,348 0,350 | 3,896

800 0,483 0,321 | 3746 4,95 800 0,329 | 0,321 | 3,968 | 4,95

1000 0,483 0,303 | 3771 1000 0,317 | 0,303 | 4,014

1200 0,483 0,292 | 3786 1200 0,310 | 0,292 | 4,042

1400 0,484 0,285 | 3,795 1400 0,305 0,285 | 4,061

1600 0,484 0,273 | 3811 1600 0,294 | 0,273 | 4,098

Figure 13 shows a graph of the dependence of the re-
duced resistance to heat transfer of the attic floor on the
increase in the length of the insulation.
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Figure 13 — The graph of the dependence of the re-
duced resistance of heat transfer of the attic floor
on the increase in the length of the insulation

Result for option 6.

1. Additional insulation of the inner walls of the cold
attic does not allow to achieve the normalized value of
thermal protection for the attic floor.

2. Insulation of more than 1200 mm is inefficient.

Figure 14 shows a graph of the dependence of the re-
duced resistance to heat transfer of the attic floor on the
increase in the length of the insulation.
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Figure 14 — The graph of the dependence of the re-
duced resistance of heat transfer of the attic floor
on the increase in the length of the insulation

Result for option 7.

1. Additional insulation of the inner walls of the cold
attic does not allow to achieve the normalized value of
thermal protection for the attic floor.

2. Insulation of more than 600 mm is inefficient.
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Option 8. Increasing the thickness of the attic floor in-
sulation.

The increase in the thickness of the attic floor insula-
tion was taken as a multiple of 20 mm.

The calculation results of the reduced resistance of
heat transfer of the attic floor are shown in table 8.

Table 8 — Calculation results of the reduced heat
transfer resistance of the attic floor

5]
g2 e | 2| =z -z
.S . ot S s <
EOoE g ey = S g
SEE g ~ 2N géq - =
SR ~ ~ ~ o N
2E8F = = E E
0 0,556 0,668 3,253
20 0,553 0.649 3.452
40 0,549 0.630 3.648
60 0,546 0.613 3.834
80 0,543 0.597 4.014
100 0,541 0.580 4.191 4,95
120 0,539 0,566 4.359
140 0,538 0,551 4.523
160 0,535 0,537 4.687
180 0,534 0,525 4.840
200 0,533 0,511 4,994

Figure 15 shows a graph of the dependence of the re-
duced resistance to heat transfer of the attic floor on the
increase in the length of the insulation.

Result for option 8.

Increasing the thickness of the insulation on the attic
floor by 200 mm (up to 400 mm) allows to achieve the
normalized value of thermal protection for the attic
floor.

Rzred, m*K/W

=2e

0 20 40 60 80 100 120 140 160 180 200

{, mm

Figure 15 — The graph of the dependence of the
reduced resistance of heat transfer of the attic floor
on the increase in the length of the insulation

But this option of insulation is economically imprac-
tical as it requires a significant increase in the volume
of insulation. It is more preferable to use the optimal
options for additional insulation of external and internal
walls within the mountain while reducing the thickness
of the insulation on the attic floor. In this case, the re-
duced resistance to heat transfer of the attic transmis-
sion should be the closest in terms of the normal value.

The research results are shown in Table 9.

As can be seen from Table 9, the smallest volume of
insulation equal to 7.09 m® per meter of running floor
structure is achieved by increasing by 1 m the height of
insulation of the outer wall on its outer surface and in-
sulation of internal capital walls by 1.2 m from the level
of insulation attic floor.

Table 9 — The cost of additional insulation of the cold attic (per 1 m of attic width),
ensuring compliance with thermal protection

Additional insulation, m?

Total amount of

Variant Outer surface Inner surface of additional insu-
of the external the external Interior walls Attic floor lation

walls walls

1 0,186 7,478 7,664
2 0,06 7,872 7,932
3 0,624 6,691 7,315
4 0,312 0,312 6,691 7,315
5 0,264 0,528 6,298 7,09
6 0,318 0,636 6,691 7,645
7 0,204 0,084 0,648 6,298 7,334
8 7,872 7,872
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Conclusions

1. The value of thermal protection of the existing ex-
ternal enclosing structures of the educational building
does not meet the standards.

2. Not taking into account heat-conducting inclusions
leads to an overestimation of the actual resistance to
heat transfer of the attic floor of the educational build-
ing by 35.8%.

3. The smallest amount of insulation of the cold attic
of the educational building is 7.09 m® per 1 meter of the
attic length. This amount of insulation is achieved when
the thickness of the insulation on the attic floor is 320
mm, the height of the insulation of the outer wall along
the outer surface is increased by 1 m and the surfaces
of the internal capital walls are warmed to a height of
1.2 m from the bottom of the insulation of the attic
floor.

References

1. ®oxur K.®. (1973). Cmpoumenvnaa mennomexuuxa
oepaoicoarowux yacmeti 30anuil. Mocksa: Ctpoinzaat

2. JIsikoB A.B. (1978). Teopus mennronposoonocmu. Moc-
KBa: Bpiciuas mkosua

3. Unbuuckuit B.M. (1974). Cmpoumenvnas mennogusuxa
(oepadicoalowgue KOHCMPYKYUU U MUKPOKIUMAM 30QAHULL).
Mocksa: Bricinas mkona

4. MuxeeB M.A., Muxeesa .M. (1977). Ocnoswr menno-
nepedayu. Mocksa: DHeprus

5. lknosep A.M., BacunseB b.®., Yukos @.B. (1956).
OcHoBbL CIMPOUMENbHOU MENIOMEXHUKU HCUTBIX U 00Wec-
6enHbix 30anuii. Mocksa: I'occTpoiinzaat

6. Morunar A.H., Bomuk I".JL., FOpun O.1. (1989). Cmpou-
menbHas MeniopuU3uUKa 02pancoarwux KOHCMpPYKyuii 30a-
Huu. Kuis, YMK BO

7. ®apentok I'.T'., Konecrux €.C. (2008). Buznauenns mi-
HIHOTO KOGQIIiEHTY TeIuonepenadi TepMivHO HEOTHOPIA-
HMX OTOPOJUKYBAJIBHUX KOHCTPYKLiil. Byodieenvhi Koncmpyk-
yii, 1(28), 138-147

8. [Ipimenko A.M. (2015). Byznosi 3’cOnanna 308uiwHix
CMiH 3 NIO8UWEHUMU MENTOMEXHIYHUMU NOKASHUKAMU K 3d-
cib 3a6e3neuenns enepeoepexmuernocmi oyoigenv (aBroped.
JIC. ... KaHJI. TeXH. HayK). KuiB

9. Tumodees M.B., @apentok I'.I". (2009). Pospaxynxu me-
nnosoi izonayii 6ydisens. Jlonenpk-MaxkiiBka: Hopa-Ilpec,
JouHABA

10. Tumodee M.B., Caxuoscbka C.O., Xmuxosa B.B.
(2010). MaremaTuuHe MO/ICTIOBAHHS HOTPIOHKUX OTOPIB Terl-
JIoTiepeiadi elIeMeHTIB 30BHIIIHBOT 000JI0HKH OYyIHHKIB. Bi-
cHux Jlonbacwkoi nayionanvroi akademii 6yodienuymea i ap-
ximexmypu, 2(82), 32-37

11. ®omun C.JI., ®ypcor 10.B. (2007). Ocobennocmu
KOHCMPYUPOBAHUSL OONOTHUMENTLHOU MENI03auumsl Pacao-
Hoix koHempykyuti. Xappkos: XJITYBA ABY, 290-294

12. Semko O., Yurin O., Avramenko Y., Skliarenko S.
(2017). Thermophysical aspects of reconstruction of cold
roof spaces. MATEC Web Conferences, 116, 02030

https://doi.org/10.1051/matecconf/201711602030

1. Fokin K.F. (1973). Construction heat engineering of en-
closing parts of buildings. Moscow: Stroyizdat

2. Lykov A.V. (1978). Theory of thermal conductivity.
Moscow: Higher School

3. Ilyinsky V.M. (1974). Building thermal physics (enclos-
ing structures and microclimate of buildings). Moscow:
Higher School

4. Mikheev M.A., Mikheeva I.M. (1977). Fundamentals of
heat transfer. Moscow: Energy

5. Shklover A.M., Vasiliev B.F., Ushkov F.V. (1956). Fun-
damentals of construction heat engineering of residential and
public buildings. Moscow: Gosstroyizdat

6. Mogilat A.N., Volik G.L., Yurin O.I. (1989). Building
thermal physics of enclosing structures of buildings. Kyiv,
UMK VO

7. Farenyuk G.G., Kolesnyk E.S. (2008). Determination of
linear heat transfer coefficient of thermally inhomogeneous
enclosing structures. Building constructions,1(28), 138-147

8. Prishchenko A.M. (2015). Nodal connections of external
walls with increased thermal performance as a means of en-
suring energy efficiency of buildings (abstract of the disser-
tation - Candidate of Technical Sciences). Kyiv

9. Timofeev M. V., Farenyuk G.G. (2009). Calculations of
thermal insulation of buildings. Donetsk-Makeyevka: Nord-
Press, DonNACEA

10. Timofeev M. V., Sakhnovskaya S.O., Zhmykhova V.V.
(2010). Mathematical modeling of the required heat transfer
resistances of the elements of the outer shell of buildings.
Bulletin of the Donbas National Academy of Civil Engineer-
ing and Architecture, 2(82), 32-37

11. Fomin S.L., Fursov Yu.V. (2007). Design features of
additional thermal protection of facade structures. Kharkiv:
HDTUBA ABU, 290-294

12. Semko O., Yurin O., Avramenko Y., Skliarenko S.
(2017). Thermophysical aspects of reconstruction of cold
roof spaces. MATEC Web Conferences, 116, 02030

https://doi.org/10.1051/matecconf/201711602030

13. Yurin O., Azizova A., Galinska T. (2018). Study of heat
shielding qualities of a brick wall corner with additional in-
sulation on the brick. MATEC Web of Conferences, 230,
02039

https://doi.org/10.1051/matecconf/201823002039

13. Yurin O., Azizova A., Galinska T. (2018). Study of heat
shielding qualities of a brick wall corner with additional in-
sulation on the brick. MATEC Web of Conferences, 230,
02039

https://doi.org/10.1051/matecconf/201823002039

14. IBH B.2.6-31:2016. (2016). Tennosa izonsyis 6y0i-
6enwv. Kui: Minperion Ykpainu

15. ACTY ISO 10211-1:2005. (2008). Tennonpogioni
eKI0OUeH s 8 Oy digenbHUX KoHcmpyKkyis. Obuucienns menio-
6020 NOMoKy ma nosepxuesoi memnepamypu. Yacmuna 1.
3acanvni memoou. Kuis: JlepxcnoxuBcTangapT YKpaiHu

14. DBN V.2.6-31:2016. (2016). Thermal insulation of
buildings. Kyiv: Ministry of Regional Development of
Ukraine

15. DSTU ISO 10211-1:2005. (2008). Thermally conduc-
tive inclusions in building structures. Calculation of heat flux
and surface temperature. Part 1. General methods. Kyiv:
Derzhspozhyvstandart of Ukraine

52 Academic journal. Industrial Machine Building, Civil Engineering. — 1 (56)’ 2021



36ipHUK HayKkoBHX nmpanb. ['any3eBe MalIuHOOy1yBaHHS, OyTiBHUIITBO
Academic journal. Industrial Machine Building, Civil Engineering
http://journals.nupp.edu.ua/znp
https://doi.org/10.26906/znp.2021.56.2507

UDC 692.23:699.86

Improving the technology of replacing window frames
in precast concrete walls

Pashynskyi Victor'*, Dzhyrma Stanislav?, Pashynskyi Mykola3, Nastoiashchyi Vladyslav*

! Central Ukrainian National Technical University https://orcid.org/0000-0002-5474-6399
2 Central Ukrainian National Technical University https://orcid.org/0000-0003-2248-1653
3 Central Ukrainian National Technical University https://orcid.org/0000-0002-2669-523X
4 Central Ukrainian National Technical University https://orcid.org/0000-0002-8931-5097

*Corresponding author E-mail: pva.kntu@gmail.com

The constructive-technological decision of the junction design of a block frame window to an uninsulated precast concrete wall
which practically excludes a possibility of condensate formation on a surface of internal window jamb is proved.
The study was performed by constructing two-dimensional temperature fields in nodes of different designs and comparing the
lowest temperature on the internal window jamb surface with the dew point temperature. It is established that thermal reliability
can be ensured by the condensate formation criterion by insulating the exterior window jamb with mineral wool or expanded
polystyrene slabs and local facade insulation in the form of an outside window casing with 50 mm thickness and 200...250
mm width. The block frame window should be installed at a distance of 60... 80 mm from the outer surface of the precast
concrete wall.

Keywords: condensate, precast concrete walls, temperature regime, thermal failure, window-wall junction

YnockoHaJIeHHA TEXHOJIOrIl 3aMiHH BIKOHHUX 0JIOKIB
B 3QJ1i300€eTOHHUX NMAaHeJbLHHUX CTIHAX

Mamuncekuii B.A.'*, lzxupma C.0.%, MMamuncskuii M.B.%, Hacrosimuii B.A*

1:2,3.4 [ lenTpanbHOYKpaiHCHKUH HALIOHANBHUN TEXHIYHUI yHIBEPCHTET
*Anpeca s muctyBanHs E-mail: pva.kntu@gmail.com

3 MeToI0 MiBUIIEHHS KOM(MOPTHOCTI )XUTIOBUX OYAUHKIB APpYroi mojaoBuHU 20-Tro CTOJITTS 4acTo 3/iHCHIOETHCS 3aMiHa Je-
pEB'sTHUX BIKOHHHX OJIOKIB Ha Cy4acHi METAJIOIUIaCTUKOBI KOHCTPYKLIi. B 3MMOBHIi Hiepiox TemmepaTypa MoBepXHi BHYTPIILI-
HBOTO BiJIKOCY 100JIM3y BIKOHHOI KOPOOKH MOXKE OIyCKaTHCS HHXKYE TOUKH POCH, 11O NMPU3BOIHUTH JIO TEIUIOBOI BiIIMOBH 3a
KpUTEpieM yTBOPEHHS KoHIeHcaty. {1 oOIpyHTyBaHHS HA[IHHOTO KOHCTPYKTHBHO-TEXHOJIOTTYHOTO PillICHHS By3J1a IPUMHU-
KaHHS BIKOHHHUX OJIOKIB JI0 HEYTEIUICHUX CTiH 3 KePaM3UTOOCTOHHHUX MaHeseil moOy1oBaHi Ta MpoaHaIi30BaHi [BOMIpHI TeM-
TepaTypHi 10JIs y By3/ax pizHoI KoHCTpyKuii. HaliMenra remmieparypa Ha moBepxHi BHYTPIIIHBOTO BIKOHHOTO BiJIKOCY HOPi-
BHIOBAJIACS 3 TEMIIEPATYPOIO TOUKH pocH. IToKa3aHo, 110 Ha TeMIIepaTypHHil PeXKUM eKCIUTyaTallii By3Jia HPUMHUKAHHS BIKOH-
HOTO OJIOKY JIO0 CTiHM ICTOTHO BIUIMBA€ KOHCTPYKIIisl By3ja Ta MOJOXKCHHS BIKHA B TOBINI CTIHH. YTEIUICHHS 30BHIIIHBOTO
BIKOHHOT'O BiJIKOCY Ta 3MIlLl[CHHS BiKHa BCepeIUHY NPUMILICHHSI IiIBUIIYE TEMIIEpaTypy KpUTHYHOI 30HH By3na. Ha npuknani
MOIIUPEHUX TTaHeJIbHHUX CTiH 3 KepaM3uTo0eToHy ToBUIMHOK 300 MM MOKa3aHo, 110 Ui 3a0e3MeueHHs HaIeKHOTO TeMIepa-
TYPHOT'O PeXKUMY eKCILTyaTallii By3/ia He0OXiIHO BUKOHATH YTEIICHHsI 30BHILIHBOTO BIKOHHOTO Bi/IKOCY Ta JIoKanbHe (acaane
yTEeIJICHHS Y BUIJISIII 0OpaMIIeHHsI BIKOHHOTO Tpopi3y muprHoo 200 MM a6o 250 mM. BikoHHUiA OI0K CITijt BiAMOBIIHO BCTa-
HOBIIOBAaTH Ha Bixctai 80 MM 4 60 MM BiJ 30BHIIIHBOT MOBEPXHI CTIHOBOI MaHeNi. 3 TEXHOJOTTYHOI TOUYKH 30pY AJIS yTel-
JICHHSI Kpallle BUKOPUCTOBYBATH IUTUTH 3 IHOIMOMICTHPOITY, KPIIJICHHS SIKHX JI0 CTIHOBUX IaHEJNel Ta 30BHIIIHE 03100ICHHS
€ MEHII TPYJOMICTKHIM i JCLICBIIMM MOPIBHSHO 3 BUKOPUCTAHHAM IUTHT 3 MiHEepasibHOI BatH. JIoKasbHe (acajaHe yTerieHHs
HAaBKPYT'H BIKOHHHX TIPOPi3iB 3 TOBLIMHOIO, SIKa 33/I0BOJIbHSAE BUMOTH HOPM JI0 OIOpPY TeIuIonepeaadi CTiH, y MaiOyTHbOMY
MOX€ CTaTH YaCTHHOIO ITOBHOTO (hacaJHOTO yTEIUIEHHS IIPH TePMOMOAEpHi3awii OyaiBmi.

KurouoBi ciioBa: xoHeHcar, MaHelbHi CTIHU, TPUMHUKAHHS BiKOH, TEMIIEPATyPHHUH PEXUM, TEIJIOBA BiIMOBa
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Introduction

A significant part of the Ukrainian cities' housing
stock consists of prefabricated houses built in the sec-
ond half of the 20th century. One of the main disad-
vantages of such buildings is the insufficient resistance
to heat transfer of enclosing structures. This leads to in-
creased heat loss and can cause discomfort when stay-
ing indoors near walls.

An additional problem of prefabricated houses is
wooden casement windows. They not only wear out
during long operation periods but also do not meet
modern requirements for heat loss.

Complete thermal modernization of existing build-
ings with the installation of facade insulation is a very
complex and costly measure. Therefore in practice,
quite often they are limited to a half-measure in the
form of replacing worn-out block frame windows with
modern metal-plastic structures with sufficiently high
thermal characteristics. This reduces heat loss to some
extent but does not exclude the possibility of condensa-
tion on the surface of the internal window jamb.

Review of the research sources and publications

The junction between the window and wall is a zone
of increased thermal conductivity. Requirements for
thermal characteristics of such junctions and walls, in
general, are set in DBN [1], and for European countries
are covered in works [2, 3]. The main requirement for
thermal reliability is the inadmissibility of condensa-
tion due to the temperature drop of the inner wall sur-
face below the dew point temperature.

Studies of the window junctions temperature regime
to the walls in the winter were carried out in [4...9],
where the impact of the window position in a cavity
wall was analyzed. The calculations performed in
[4...6] for brick walls showed that a simple replace-
ment of the window with a better one does not solve the
condensation problem. The temperature of the internal
jamb in the junction area of the block frame window to
a wall may fall below the dew point at real values of
outside air temperature.

In articles [4...9] it is shown that the temperature of
the internal window jamb can be increased due to addi-
tional insulation or by shifting the block frame window
to the inner side of the building. In [7], the example of
several nodes at two positions of block frame window
shows that the design of the window junction to the
wall significantly affects heat loss, the position of the
zero isotherms in the wall, and the possibility of con-
densation on the inner wall surface. There was an in-
crease in the temperature of the inner wall surface as a
result of shifting the block frame window inside the
building.

The influence of the window position of the cavity
wall on the temperature of the inner surface and the
possibility of condensation has been studied in more
detail in the works of the authors [4, 5, 6, 8].

In [4] the temperature dependence of the metal-plas-
tic window junction critical zone to the brick wall with
a thickness of 510 mm from its position was obtained.
It is shown that in the conditions of Kirovograd region
window installation close to the outside surface of the

wall the temperature of the internal jamb is about
+8 °C, and the shifting of the block frame window in-
side the building significantly increases the tempera-
ture at the critical jamb point. The obtained graph
makes it possible to establish the position of the block
frame window at which the surface temperature of the
internal jamb exceeds the dew point temperature and
thus avoids the condensate formation.

In the article [8] by a method similar to [4], obtained
a nomogram and analytical expression that allows set-
ting the desired position of the block frame window in
the cavity of the brick wall depending on the allowable
temperature of the inner wall surface in the critical zone
(dew point temperature) and outside air temperature.

A detailed analysis of the window junction tempera-
ture regime to the wall of different designs was carried
out in [5, 6]. In particular, the junctions to the brick and
precast concrete wall are shown in Figures 1 and 2,
which are taken from [5] with minor editorial changes.
The designations of the node elements are given
in table 1.
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Figure 1 — The junction of the metal-plastic
window to the brick wall

300
\

R

Figure 2 — The junction of the metal-plastic
window to the precast concrete wall

Figures 1, 2 show the junctions at the initial design
position of the block frame window. When shifting the
block frame window inside the brick wall, the space be-
tween the outside casing and the window frame is filled
with an effective thermal insulation material (mineral
wool or polystyrene slabs). The external jamb of the
precast concrete wall is made of cement-sand plaster.

The simulation results of these nodes in [5] showed
that shifting the block frame window in the cavity of
the brick wall inside the room by 150...170 mm from
the outside casing allows raising the temperature of the
critical zone to the dew point equal to 10.7 °C. In this
way, thermal failure by the criterion of condensate for-
mation can be avoided. It is impossible to achieve such
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an effect in a precast concrete wall. Even with the max-
imum possible shift of 150 mm from the outer surface
of the wall, the temperature of the critical zone on the
internal jamb does not rise above 9,2°C. Articles [5, 6]
show that this problem is successfully solved with
proper facade insulation of brick and precast concrete
walls in accordance with the requirements of [1]. With-
out such insulation, condensation can be formed on the
surface of the internal window jamb of the precast con-
crete wall.

In general, works [4...9] showed that the position of
the block frame window in the cavity wall can signifi-
cantly affect the surface temperature of the internal
window jamb and the possibility of condensation in this
area.

The study of the temperature regime of enclosing
structures operation can be performed using the open-
source program THERM [11], which allows to build
two-dimensional temperature fields for fragments of
structures using the finite element method and obtain
temperatures at specified critical points of the nodes.

Definition of unsolved aspects of the problem

The results of previous studies indicate the need for
facade insulation to ensure the thermal reliability of the
block frame window junction to the brick and precast
concrete walls of residential buildings. It is possible to
improve the conditions of the operating units of the in-
sulated brick walls, provided that reinforced-plastic
windows are installed with a shift inside the building.
In the case of precast concrete walls, this solution does
not give a positive result. The analyzed works do not
contain recommendations for ensuring the thermal reli-
ability of the block frame window junction to the pre-
cast concrete wall of residential buildings.

Problem statement

To offer a rational constructive insulation scheme and
technology of the metal-plastic window junction to the
uninsulated walls of prefabricated houses based on the
results of temperature field analysis.

Basic material and results

The subject of the study is the junctions of metal-plas-
tic windows to the uninsulated walls of prefabricated
residential buildings. The five types of junctions are
compared below:

1) the junction according to the scheme of Figure 2 at
different shift values of the window inside the
building;

2) the junction according to the scheme of Figure 3
with insulation of the outer jamb;

3) the junction from Figure 4 with insulation of the ex-
ternal jamb and local insulation of the facade in the
form of an outside window casing with a width of
150 mm;

4) the same with the casing width of 200 mm;

5) the same with the casing width of 250 mm.

Insulation of the exterior window jamb and local fa-

cade insulation in the form of the outside window cas-
ing is performed by slabs made of expanded polysty-

rene or mineral wool, which according to [13] have suf-
ficiently close thermal conductivity coefficients. From
the technological point of view, it is more profitable to
use expanded polystyrene plates which are much
cheaper and can be pasted to a surface of the expanded
clay precast concrete wall without the performance of
labor-consuming operations on the attachment of a
mineral wool plate by dowels. The use of expanded pol-
ystyrene in the form of local insulation is also permis-
sible from the point of view of fire safety, as such a
scheme of insulation does not allow the fire to spread
on the surface of the facade. Constructions of window
junctions to the walls are performed in accordance with
the requirements of the current standard [12].
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Figure 3 — The junction of a metal-plastic
window to a precast concrete wall
with external jamb insulation
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Figure 4 — The junction of a metal-plastic
window to a precast concrete wall
with additional local insulation of a facade

When modeling temperature fields, the values of den-
sity p and thermal conductivity A of materials are taken
into account, as shown in Table 1. To simulate a metal-
plastic block frame window the reduced value of ther-
mal conductivity, which is shown in table 1 is used in
the program THERM [11].

The outside air temperature according to [14, 15] is
assumed to be equal —24°C. For the Kirovograd region
and most of the central regions of Ukraine, this value
with a certain margin corresponds to the temperature of
the coldest five days with a reliability level of
0.92...0.95, which is used for the design of massive
walls.

At the design indoor air temperature of +20°C and
relative humidity of 55%, as indicated in the standard
[1] for residential premises, the dew point temperature
value of +10,7°C is set according to psychrometric ta-
bles.
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Table 1 — Thermal characteristics of materials

Materials and products kge;n3 W /(3;1’2. K)
1 | Brickwork 1800 0,81
2 | Expanded clay concrete slab| 1000 0,41
3 | Lime plaster 1600 0,81
4 | Cement plaster 1800 0,93
5 | Effective insulation 135 0,039
6 | Construction foam 25 0,03
7 | Block frame window 30 0,037

Simulation of the described junctions is performed in
the environment of the THERM program. Junctions of
types 1 and 2 are calculated at five positions of the
block frame window in the cavity of the wall, which is
given by the distance X from the outer edge of the wall
to the outer surface of the window frame. The smallest
distance X = 25 mm corresponds to the maximum pos-
sible approach of the window to the outer surface of the
wall. The biggest distance X = 125 mm, taking into ac-
count the thickness of a window frame of 70 mm cor-
responds to the position of a window near the middle of
a 300 mm wall. A further shift of the window inside the
building reduces the width of the window sill too much
and worsens the conditions of natural lighting. Junc-
tions of types 3, 4, and 5 are calculated at six positions
of the block frame window in a cavity of the wall.
The position at a distance of X = 0 mm corresponds to
the absence of an external jamb. At the same time, the
joint of the block frame window with a wall is covered
by local front insulation in the form of an outside win-
dow casing.

As a result of the performed calculations, the temper-
ature fields and temperature values in the critical zone
of the nodes were obtained. In all nodes, the critical
zone with the minimum temperature of an internal sur-
face of a wall is placed on a surface of an internal win-
dow jamb near a window frame. Figure 5 shows exam-
ples of temperature fields of types nodes 1, 2, and 4
with a shift of the window frame inside the building by
100 mm. The figure shows that the insulation of the ex-
terior jamb and additional local facade insulation sig-
nificantly changes the position of the isotherms in the
wall thickness and increase the surface temperature of
the internal window jamb. As the insulation improves,
the temperature of the critical point, given in a separate
window on the temperature field figures, also increases.
For junctions of types 1 and 2, it is lower than the dew
point temperature, which indicates the possibility of
condensation. In the type 4 junction, the temperature of
the critical point +11,1°C exceeds the dew point.
This indicates a low probability of condensation on the
surface of the internal window jamb.

The results of critical zone temperature calculations
of all types of junctions at the considered positions of
the block frame window are presented in table 2.
Changes in these temperatures when the window frame
is shifted inside the cavity of the wall are shown in
Figure 6, which is made according to table 2.

Figure 5 — Temperature fields of type
1, 2, and 4 junctions

0115 —]
110 Type 5 <~

= A Dew goint —
§10,5 ______________________ Z /, _____
5 100 Yeed ////

g 95 Type 3 ///Typez

L
o
N \

N\
N

P

—

&
=)

o
[0}

0 25 50 75 100 125
Distance X from the outside surface, mm

Figure 6 — Temperatures in the critical zone
of the window junctions to the precast concrete
wall with different schemes of additional insulation
and different positions of the window frame

Table 2 — Temperatures at critical points
of the junctions

X, | Temperatures in junctions of different types

mm 1 2 3 4 5
0 9,3 10 10,6
25 7,8 8,3 9,4 10 10,4
50 8,1 8.9 9,6 10,1 10,5
75 8,7 9,7 10,2 10,7 11,0
100 93 | 104 | 108 | 11,1 | 114
125 9,3 10,5 10,8 11,00 11,2
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Analysis of table 2 and figure 6 showed that the type
of junction and the position of the block frame window
in the wall cavity significantly affect the temperature of
the internal window jamb. The conclusion about the
possibility of condensation can be made by comparison
with the temperature of the dew point, which is equal
to +10,7°C and is shown in Figure 6 by a horizontal
line.

Conclusions

1. Replacement of block frame windows with modern
metal-plastic structures is often implemented in the
practice of residential buildings renovation that was
built in the second half of the 20th century. It does not
solve the problem of energy efficiency, but to some ex-
tent increases the comfort of living in these houses.

2. The critical area with the lowest temperature of
block frame windows junctions to the expanded clay
precast concrete walls is the surface of the internal jamb
near the window frame. When the temperature drops
below the dew point temperature in this zone, thermal
failure can be realized in the form of condensate formed
on the jamb surface.

3. The operation temperature mode of the block frame
window junction to the wall is influenced by the design
of the junction and the position of the window in the
cavity wall. Insulation of the external window jamb and
shift of the window into the room increases the temper-
ature of the critical area of the node.

4. In block frame window junctions to expanded clay
precast concrete walls with a thickness of 300 mm
without insulation of an external jamb the temperature
of a critical zone does not rise above +9,3°C regardless
of the window frame position. The temperature, less
than the dew point +10,7°C causes the possibility of
condensation.

5. In units with external jamb insulation the tempera-
ture of the critical zone can reach +10,5°C, i.e. also
does not exceed the dew point and can cause condensa-
tion on the surface of the internal window jamb.

The figure shows that the junctions of types 1 and 2
do not have a sufficient level of thermal reliability at
any position of the window frame. Additional local in-
sulation of the facade in the form of a window casing
significantly increases the level of unit thermal reliabil-
ity. The formation of condensate on the surface of the
internal jamb becomes unlikely when shifting the win-
dow frame by about 90 mm for node type 5 and by
60 mm for node type 3.

6. To ensure the proper temperature of the unit, it is
necessary to perform insulation of the exterior window
jamb and local insulation of the facade in the form of
an outside window casing. When the width of such a
frame is 150...250 mm, the corresponding shift of the
block frame window inside the room by 90...60 mm
increases the temperature of the inner surface of the
window jamb above the dew point temperature.

7. For practical use in precast concrete walls with a
thickness of 300 mm, we can recommend the design of
the unit with insulation of the exterior window jamb
and local insulation of the facade in the form of outside
window casing with a width of 200 mm or 250 mm.
The window frame should be installed at a distance of
80 mm or 60 mm from the outer surface of the wall (ac-
cording to the selected width of the frame). It is better
to use plates from expanded polystyrene as insulation.
Attaching them to the wall and exterior decoration is
less time-consuming and cheaper compared to the use
of mineral wool slabs.

8. Local insulation of the facade around the outside
window casing should be arranged with a thickness that
meets the requirements of thermal insulation on the re-
sistance to heat transfer of external walls according to
DBN B.2.6-31: 2006. In this case, the executed local
insulation will become a part of the front insulation of
the building in the course of full thermal modernization
in the future.

9. Further research is focused on the probabilistic as-
sessment of thermal reliability of the block frame win-
dow junctions to the walls and other problematic units
of buildings, taking into account the random nature of
the influencing factors.
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The article identifies the main aspects of sustainable construction development in the implementation of the development
strategy. Approaches and proposals for interrelated components of improving the efficiency of construction production, which
are based on interdependent and complementary actions to achieve the competitiveness of the construction industry and are
relevant to the functioning of the construction industry. Directions for improving construction production through the
introduction of heat-saving structures at construction sites are proposed. The conclusions analyze the results of the construction
industry. It is determined that the use of heat-saving structures, technologies, the formation and implementation on this basis
of a strategy of long-term sustainable development - one of the construction priorities.
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BnpoBa/:keHHS Ten10eHepro3depiralomux KOHCTPYKIiH
B OyIiBHUITBO SIK YMOBA HOI0 CTIiiKOro
€K0JI0r0-eKOHOMIYHOI' 0 PO3BUTKY

Porosuii C.I.!, Borincbka JI.O.>

1.2 CyMchbKHii HalliOHATEHUI arpapHUil yHIBEPCHTET
*Anpeca miis muctyBanHs E-mail: Lyudmila.boginska@snau.edu.ua

V crarTi BU3HAUCHI OCHOBHI aCMEKTH CTIKOro po3BUTKY OYAIBHHIITBA B paMKax peaisallii cTparerii po3BuUTKy. Po3risHyTo
MIAXOH 1 PO3POOICHO MPOMO3HUIIIT 00 B32EMOTIOB’ I3aHUX CKIIAJOBUX MiIBUIICHHS ¢()eKTHBHOCTI OyIiBEILHOTO BUPOOHH-
LTBA, SIKi IPYHTYIOTHCS Ha B3a€MO3AJIEXKHHX 1 B3a€MOIONIOBHIOIOUHX JiSIX JOCATHEHHS KOHKYPEHTOCIPOMOXKHOCTI Oy IiBEIIbHOT
raiys3i i € akTyaJIbHUMH JUIs1 QYHKITIOHYBaHHS OyAiBEIFHOTO KOMIDIEKCY. 3allpOIIOHOBaHI HAIPSIMH BJIOCKOHAJICHHS Oy IiBeNb-
HOTO BUPOOHUIITBA Yepe3 BIPOBAPKEHHS TEIUIOCHEPro30epiralounx KOHCTPYKIH Ha 00’ ekTax OyaiBHUITBA. 3a1ada, 0 PO3-
TIISIAE€THCSL B CTATTI, MOJISITAE Y TOIIYKi HOBHX IiJXO/IB 10 BUPILIEHHS €KOJIOr0-eKOHOMIYHHX MP0o0iieM OyaiBeNnbHOTO BUPO-
OHUIITBA 32 JOTMIOMOTOIO 3aCTOCYBaHHsI TEIJIOCHEPro30eperaroynx KOHCTPYKLiit. B poOoTi JOCIiKy€eThCs B3aEMO3B SI30K MiXK
BUITYCKOM Ta BUBEJEHHSIM Ha PHHOK TEIUIOEHEpro30eperaroynx MarepiaiiB i KOHCTPYKLiil HOBOTO MOKOJIIHHA (KOJIH ISl BU-
poO6JIeHHs TeIUIOBOT eHeprii BUKOPUCTOBYIOTH IIOHOBIIIOBaHI JDKepesia eHepril (€Heprito COHL, BITPY 1 T.I1.)), sIKi 103BOJISIFOTh
e€KOHOMMTH TPAIMIIHHI JKepea TeIIoNocTadyaHHs Ta €Hepro3abe3nedeH s 1 eK0JIOr0-eKOHOMIYHUM PO3BUTKOM Oy IiBEITbHOL
ray3i. Y BUCHOBKax ITpOaHaJi30BaHO Pe3yIbTaTH PO3BUTKY Oy/iBenbHOI ramysi. BusHadeHo, mo eexkTHBHE 3aiIydeHHs IpH-
POIHUX pecypciB Ha iIHTEpaKTUBHINH OCHOBI, 3aCTOCYBaHHS TEIUIOCHEPTrocOeperatounux KOHCTPYKIii, TEXHOJIOT1H, (hOpMyBaHHS
1 peaizarist Ha I[if OCHOBI CTpaTerii JOBrOCTPOKOBOTO CTIHKOTO PO3BUTKY - OJMH 3 NIPIOPHUTETIB OyNiBHHUITBA.

Kurouogi ciioBa: criiikuii po3BUTOK, Oy/iBeIbHE BUPOOHHUIITBO, TEIUIO EHEPro3oepiralodi KOHCTPYKIIT
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Introduction

The construction industry is a key sector of the econ-
omy, designed to solve the most important tasks for the
implementation of the socio-economic development
strategy of the region and the state as a whole. The
modern construction industry is forced to take into ac-
count the market instability and dynamism. For this
reason, the following trend is important - any construc-
tion company needs to adapt to new economic condi-
tions in a transient survival environment.

Construction is designed to create an artificial envi-
ronment that ensures human life. Until now, the envi-
ronment has been considered as a source of negative
effects on the newly created man-made artificial envi-
ronment. Construction as a powerful reversible factor
influencing the environment has been the subject of re-
search relatively recently. As practically necessary,
certain limits of this problem are subject to study and
solution (for example, waste disposal, air purification
in settlements, etc.). Construction production has an an-
thropogenic impact on nature at all stages - from the
extraction of building materials to the operation of the
commissioned facilities.

Disruption of relationships within the ecosystem, the
likelihood of serious consequences for a given region
or area, is some negative results of construction activi-
ties. Large-scale combustion of extracted fuel leads to
irreversible changes in the environment, up to changes
in climatic conditions on the planet. This understanding
to some extent contributes to the formation of the need
for environmental safety and encourages manufacturers
to develop, produce and market heat-saving materials
and structures of the new generation (when renewable
energy sources (solar, wind, etc.) are used to generate
heat). They help to save traditional sources of heat sup-
ply and energy supply and are the main direction of
ecological and economic development of the construc-
tion industry.

Review of research sources and publications

Baranovskiy V., Melnik L., Lesnoy A., Onegina V.,
Popova A. have analyzed in-depth theoretical and prac-
tical aspects of sustainable development in their works.

The authors of works devoted to the formation prob-
lems of the Concept of sustainable development are
Vernadsky V., Girusov E., Gorshkov V., Landel M.,
Matrosova V., Paton B. and others.

Of the foreign specialists who dealt with sustainable
development issues, it is worth noting: Mill J.,
Schumpeter J., Harrod R., Domar E., Solow R.,
Romer P., Porter M., Kotler F., Hay D., Morris D.,
Meadows D., Saaty T., Siegel J., Target D.,
Hargshoorn G., Oiken V., Plath R., Richardson Ch. and
others.

The issue of using heat and energy-saving materials
and structures in the production was raised in the works
of Aleksandrovsky S., Bogoslovsky V., Vlasov O.,
Balmer R., Ilyinsky V., Gusarsky K., Srovsky S.,
Likova A., Lukyanova V., Koryakins A., Upenietse L.,
Bakhare D., Savitsky M., Semko A., Stroy A.,
Tabunshchikova Yu., Ushkova F., Fokin K. and others.

Definition of unsolved aspects of the problem

However, the insufficient elaboration mechanism of
sustainable development of the construction complex,
taking into account the involvement of innovative
building materials production and heat-saving struc-
tures provides further study of this topic.

Objective of the work and research methods

The study aims to search for new approaches to solv-
ing environmental and economic problems of construc-
tion production through the introduction of heat-saving
structures.

The goal was achieved by the following methods:

— theoretical studies based on modern developments
of the strategy for the development of the construction
industry;

— research of innovations in the field of theory and
practice of creating new building structures with in-
creased thermal efficiency;

— mathematical modeling.

Basic material and results

The efficiency of the construction complex is directly
dependent on the growth in demand for construction
products, work, services in the materials replacement,
structures produced by more innovative ones through
successful scientific and technical innovations that sig-
nificantly improve, optimize construction processes
and are accompanied by resource, technological, envi-
ronmental, economic, budgetary effects (Fig. 1).

Development of the construction
industry in Ukraine

I
v Vi

Negative effects

Positive effects

Use of land
resources

Accelerating GDP
growth

Revenues to budgets Use of water
e P

of different levels resources
Employment Atmospheric
<] > pollution
The growth of the Accumulation of
national economy |&J L>| construction waste
as a whole

Figure 1 — The results of the construction industry

Production efficiency implies sustainable develop-
ment and success in the future. The interpretation of the
definition of “sustainable construction” has been in
place recently. The first international conference on
sustainable construction (Tampa, USA, 1994) proposed
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the following definition: “Sustainable construction
means the creation and responsible maintenance of a
healthy artificial habitat based on the efficient use of
natural resources and environmental principles.”
This definition was further developed in the decisions
of the Second Conference (Paris, 1997): “Sustainable
construction is the support of a healthy economy in or-
der to ensure a quality of life while protecting human
life and the environment; minimization of damage
caused to self-healing of the environment, human
health, biological diversity; optimal use of non-renew-
able resources and constant use of renewable re-
sources” [8].

In modern economic conditions, the main emphasis
shifts from solving problems identified by the analysis
of the optimal use of resources available to the con-
struction company, the problems of existing production
situations, to find ways to solve them (Fig. 2).

Relevant in today's conditions is the search and ap-
proval of new approaches to sustainable development,
taking into account the current and future state of envi-
ronmental resources, which should be reflected in the
mechanisms for the implementation of the country's re-
source and environmental policy.

Energy and resource-saving are the general directions
of the technical policy of Ukraine in the field of con-
struction and a prerequisite for its sustainable develop-
ment [6].

Development is a multi-criteria, complex process that
illuminates the individual characteristics of each enter-
prise and depends on its strategic goals. Only managed
development can be sustainable. The sustainable devel-
opment of an enterprise is a full-fledged reflection of
its competitiveness in market conditions. Under these
conditions, it is important to draw up an expert assess-
ment of the development of a particular construction
company (Figure 3).

Environmental friendliness in construction is
achieved through the introduction of heat-saving struc-
tures and technologies. Control and management of en-
ergy-saving and heat saving in the construction indus-
try must be carried out both at the state level and at the
level of individual enterprises, as well as at all building
life cycle stages.

It is expedient to reduce energy costs in construction
by applying the latest technologies of thermal renova-
tion of buildings by increasing the thermal insulation
capacity of the enclosing structures of construction ob-
jects. The choice of thermal insulation materials takes
into account the natural and climatic conditions of the
construction area, architectural and structural solutions
of buildings in accordance with environmental and eco-
nomic monitoring.

For a long time, the issue of energy savings in con-
struction, as well as in the national economy as a whole,
was not given the necessary attention. According to the
standards in force in Ukraine, the resistance to heat
transfer of building envelopes was reduced compared
to European standards on the walls - 1.2-3.5 times, on
the floor and ceiling - 2 times, on the windows - 1.3
times. As a result, we have significant costs of fuel and
energy resources in the operation of housing [8].
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development of construction
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constrction
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W
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W
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W
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ras

12, Obtaining the expected results n the
implementation of the siratezy of sustamakbla
devalopment of the constmetion industry

Figure 2 — Algorithm of the construction
development program
(developed by the author)

In this algorithm, an important link is the definition
of indicators for assessing the state and development
prospects of business entities, competitiveness.
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Selection of experts

Determining indicators for assessing the
state and prospects of economic entities

Is the database sufficient
for a comprehensive analysis?

\l/ yes

Analytical work
of experts

v

Determining the consistency
.
no of experts’ opinions

\l/ yes

Formation of a generalized expert opinion
on the prospects of enterprise development

v

Taking into account the expert opinion
in the development and adoption
of the program (strategy) of development
of the business entity

Figure 3. Algorithm of expert assessment
of the business entity development
(construction company)
(developed by the author)

Modern building codes in European countries set en-
ergy consumption at 80-100 kWh / m? per year. In the
new generation of houses that are designed and built
according to the concept of Passive House, the level of
energy consumption can be reduced to 15-30 kWh / m?
per year, depending on the region of construction. The
determining factor that allows providing such a stand-
ard is the use of effective thermal insulation in building
structures [7, 11].

Based on the accumulated experience of design or-
ganizations in Ukraine [5], analysis of the principles of
ensuring the energy efficiency of buildings adopted in
European countries, where problems connected with
heat and energy saving is given priority values, devel-
oped Ukrainian building codes DBN B.2.6-31: 2006
“Thermal insulation of buildings”. These rules provide:

— an increase of the minimum level of thermal protec-
tion enclosing structures of residential and office build-
ings on average by 15-40% for exterior walls, 20-25%
for coatings, 20% for windows;

— standard indicators of the maximum permissible
values of heat loss for heating buildings;

— introduction of energy certification of buildings for
new construction and reconstruction;

— introduction of norms for indicators of thermal reli-
ability of heat-insulating shells of buildings and struc-
tures [4].

It should be noted that the reserves of fuel energy re-
sources (natural gas, oil, coal) are limited. The ways to
solve the problems of preserving and restoring the eco-
logical balance of natural and anthropogenic life sys-
tems are as follows:

— formation of scientific foundations for rational re-
source and energy consumption in urban planning, tak-
ing into account regional differences;

— formation of the scientific foundations of the “city
- building — structure” model;

— development of a regulatory and legal framework
for heat and power saving;

— implementation of new promising low-cost technol-
ogies with two to four times lower heat and energy con-
sumption;

— implementation of constructive and architectural
solutions of increased energy efficiency under con-
struction and reconstruction.

For the competent decision of this problem, it is nec-
essary to carry out complex inspections of a building
heat-insulating cover for the definition of places of the
greatest heat losses and ways of their reduction.

This work should include acquaintance with the de-
sign documentation for the construction site, conduct-
ing an estimated assessment of heat loss, and, if neces-
sary, conducting instrumental studies of thermal insu-
lation of fences.

Numerous and intensive researches are carried out in
our country and abroad, directed basically on the search
of easy and heat-and-energy protecting designs differ-
ing in low complexity of erection, durability, and main-
tainability.

Such close attention to the design of effective enclos-
ing structures is explained, on the one hand, by the im-
portant place they occupy in the structure of the build-
ing, and on the other hand - by the role, they play in
solving the problem of saving fuel and energy re-
sources.

Foreign and domestic experience and accumulated
knowledge suggest that the implementation of heat-ef-
ficient construction should move towards reducing heat
loss of the building, efficient use, and production of en-
ergy.

To assess the effectiveness of the work done to reduce
the building heat loss, the efficient use of energy in it
and its efficient production, the European Association
“Active House” proposes to use three main criteria:

— comfortable living (healthy lifestyle);

— energy (energy balance of the building - the total
amount of energy generated and consumed by the
house should ultimately make up a positive energy bal-
ance)

— environment (the effect of the building’s impact on
the environment should be minimal) [5].
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The introduction of heat and energy-saving technolo-
gies is a today requirement. It is estimated that the heat
cost and energy saving is recouped in two to three
years.

Heat and energy saving in an apartment building is,
first of all, reducing heat losses by insulating walls,
floors, ceilings, windows,s, and doors.

According to the rating “Ukrainian Energy Index —
20117, the energy efficiency of the Ukrainian economy
is 52% of the EU level [1].

Improving energy efficiency to European levels will
save approximately € 11.8 billion annually.

The main priority in solving this problem is the ther-
mal modernization of buildings. Saving energy re-
sources as a result of thermal modernization is several
times higher than the savings from improving the
means of generating heat. At the same time, thermal
modernization of buildings leads to a decrease in heat
losses in boiler houses and heating networks, as it re-
duces the required volumes of produced and trans-
ported heat carriers.

Ukraine must comply with EU directives on energy
efficiency, in particular, Directive 2010/31 / EU on the
energy performance of buildings and Directive 2006/32
/ EU on the efficiency of the energy end-use and ser-
vices. Obviously, no modernization of the means of
generating and transporting heat can and closely com-
pare in efficiency with thermal modernization at the
consumer [2, 12].

Thermal modernization of external walls with the
protection of heat-insulating material from external in-
fluences with a protective and decorative plaster layer
has the following disadvantages:

— seasonality of work performance;

—unacceptable to apply plaster in direct sunlight, rain,
and strong wind;

— the system fragility;

Conclusions

The model of sustainable development is imple-
mented in the interaction process between society and
the environment by combining the economic, social,
and environmental interests of society.

The ecological factor becomes system-forming in the
concept of sustainable economic development.

However, the problem of the environmental factor of
sustainable development is still insufficiently devel-
oped by economics in both theoretical and applied as-
pects.

The effective attraction of natural resources on an in-
teractive basis, application of heat-saving construc-
tions, technologies, formation, and realization on this
basis of the strategy of long-term sustainable develop-
ment is one of the priorities of construction.

— the need for the device of expansion joints 6 mm
wide, which compensate for the deformation of the
plaster layers from fluctuations in temperature and hu-
midity;

— increased requirements for the vapor permeability
of the outer layers of additional insulation while main-
taining their ability to provide protective functions;

— rapid contamination of the facade;

— increased requirements for the rigidity of heat-insu-
lating dowels, which leads to the formation of cracks
and destruction of the outer decorative and protective
layer;

— impossibility to conduct operational control over
the state of the heat-insulating material;

— the high operational cost of the system [9, 13].

The most expensive measure in the thermal moderni-
zation of the building is the insulation of enclosing
structures. The estimated payback period of this meas-
ure is from 7-8 years when using heat-insulating mate-
rials of Ukrainian production, and from 12 years - when
using imported materials. However, by warming the
greatest energy-saving effect is reached.

In this case, the insulation of the building is inevitably
accompanied by its overhaul, which in turn increases
the service life of the building, the degree of its com-
fort.

Therefore, when calculating the payback, it is neces-
sary to take into account these advantages of thermal
modernization, which will significantly increase the
economic attractiveness of such projects [10, 14].

In the initial phase of a construction project, it is use-
ful to be able to assess the performance of a future fa-
cility. An integral part of one-time and operating costs
are the costs of the construction part of the building. It
is important to note that this part of the cost is not in-
volved in the technological process, so its minimization
is very useful.

Thermal protection of buildings requires a fundamen-
tal revision of the materials used and technical solutions
of building envelopes. Now it is almost impossible to
provide the necessary indicators of thermal protection
in single-layer structures of brick walls or structurally
insulating lightweight concrete with high density and
thermal conductivity. Compliance with current regula-
tions requires the use of multilayer structures with ef-
fective types of insulation materials.

The production base of effective thermal insulation
materials needs to conduct research on the development
of such materials and technical solutions for fencing
structures based on them from local raw materials and
industrial waste. This will contribute to the sustainable
development of the construction industry.
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There are presented analysis results of the new multi-story residential building construction's impact on the existing develop-
ment, constructive and technological measures for the arrangement of an excavation, deeper than the existing foundations’
footing level, with minimal costs and minimal negative impact on the surrounding buildings. In particular, its excavation stages,
results of the excavation shoring strength calculation, as well as proposals for the technical condition monitoring of existing
buildings in the process of new construction were introduced. The calculation of the new construction's impact, including the
arrangement of the pit, was performed in a plane, nonlinear formulation by the finite element method (FEM). Numerical mod-
eling of the system "base - foundations of the existing building - shoring construction" was performed using an elastic-plastic
soil model with the Mohr-Coulomb strength criterion.
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EdexTuBHI pilleHHs BJIAIITYBAHHSA KOTJIOBAHIB Yy TiCHii 320y10Bi

Bunnukos 10.J1.!, Xapuenko M.O. % Axonsin M.K.>*, Anickin A.*

123 Hanjonansnuii ynisepcuter «llonraBcbka nositextika imeni FOpis Konapariokay,
4 Tlipniunmii ynisepcuret, Bapaxaun, Xopsaris
*Anpeca miis muctyBanHs E-mail: armenia3579@gmail.com

BuknazieHo pe3ynbTaTi aHaji3y BIUIMBY Ha iCHYI04Y 3a0y10BY HOBOTO OyIiBHUIITBA 0AraTomoBEepPX0OBOI0 XKUTIOBOTO Oy IUHKY,
KOHCTPYKTHUBHI i TEXHOJIOT1YHI 3aX0/H 3 YIalITyBaHHs OUIBII MNTHOOKOT0, HK PIBEHB MiOIIBH ICHYIOYNX (YHIAMEHTIB KOT-
JIOBaHy, 32 MiHIMaJbHHUX 3aTPaT Ta MiHIMAJBHOTO HETATHBHOTO BIUIMBY Ha OTOYYIOUy 3a0yH0BY, 30KpeMa, CTaiiHICTh HOro
BIIKOTTyBaHHsI, IaHi PO3PaxyHKY MII[HOCTI €JIEMEHTIB OrOPO/UKEHHS KOTJIOBaHY, a TAKOX MPOIMO3HUIIiT 111010 MOHITOPHHTY Te-
XHIYHOTO CTaHy iCHyIOUHX OyniBelb y npoieci OyaiBHUNTBA. [ pyHTH MaliJaHINKy — epeBaKHO 3aMOKIIi JIECOBAHI CYTJIMHKH.
OyHgaMeHTH iCHyI0UnX OyIUHKIB — CTPIYKOBI, @ HOBOTO — i3 33/IaBJICHUX ITAJIb, 00’ €IHAHNX 32113006 TOHHIMH POCTBEPKAMHU:
CTPiYKOBUMH i/l CTIHAMHU Ta OKPEMHMH IIiJ{ KOJIOHaMH. P0O3paxyHOK BIUIMBY HOBOTO OyIiBHHITBA, 30KpeMa i BIalITyBaHHs
KOTJIOBaHY, BUKOHAHO Y IUIOCKii HemiHiifHII noctaHoBLi MeTonoM ckiHdeHHHX eneMeHTiB (MCE). MonenroBaHHsI cucTeMu
«ocHOBa — (pyHAAMEHTH iCHYIOUOi OyaiBJIi — KOHCTPYKLiSi OTOPODKEHHS» BUKOHAHO 13 3aCTOCYBAHHSIM MPY)KHO-TUIACTHYHOT
Mozeni IpyHTy 3 Kputepiem minHocti Kymona — Mopa. Haseneno npukinanu pesynsratiB mozemoBants MCE nedopmariit
IPYHTOBOT'O MacCHBY Ha Pi3HMX CTaJifX yJalITYBaHHSA OrOPODKEHHS KOTJIOBaHY. Po3paxyHKaMu eJIeMEHTIB OrOPOIXKEHHS KO-
TJIOBaHY 3 YpaxyBaHHSM CTaJiifHOCTI BUMMAaHHS IPyHTY Ta BpaxyBaHHSAM MiHIMaJIbHMX 3aTpaT, BCTAHOBJICHO, L0 OTOpO-
JDKEHHSI KOTJIOBaHY MOXJIMBO BJIAIITYBATH 3 MIMYHTOBUX maib (nByraBpu Ne30III) 3 kpokoMm | M Ta MK HHUMH AepeB’sTHOI
3abipku. OOrpyHTOBAHO, 11O TS 30UIBIIEHHS CTIHKOCTI i 3MeHIIeHHs JeopManili BepTUKAIBHUX €JIEMEHTIB OTOPOJDKEHHS
KOTJIOBaH Ha MOYaTKOBHX CTAIisIX CJiJ pO3pOOJIATH KOTIOBAH Mijl 3aXMCTOM TPYHTOBOI OepMH, a Hajalli — 3 BCTAHOBJICHHAM
00BSI3yBaJIbHOI OAIKH, PO3KOCIB, MiIKOCIB 1 MOCTYIOBUM MiABEACHHSM IiUIOTH 1 30BHIIIHBOI CTIHM MapKiHTy. 3a pe3yibTa-
TaM{ MOJEJIIOBAaHHSI BU3HAUCHO, 1[0 MAKCHMAJIbHI TOPU30HTANIbHI IIEPEMILIICHHS OTOPODKEHHS KOTJIOBaHY Ha PI3HHX CTaIisIX
foro BiaITyBaHHs KoJKMBaroThes Bix 0.8 10 2.3 cM y 30Hi icHytounx OyiBesib. MakcuManbHi BEpTHKAIbHI MEPEMIlLIeHHs 0C-
HOB (pyHAaMeHTiB icHyt0unX OyaiBens ckinamu 0.8 cM, 1110 He NepPeBHIIYE AOMYCTUMHX 32 HOPMaMU BEJIMYMH.

KorouoBi c;10Ba: 3aMoKIIa JIecOBaHA OCHOBA, OTOPO/PKEHHS KOTIIOBaHy, ()yHIaMEHT Ha IIPUPOIHIA OCHOBI, MAIILOBUH (QyHIa-
MEHT, OCIIaHHs, HallpyXeHO-e(opMOBaHMIA CTaH, METO]] CKIHUCHIX €JIEMEHTIB
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Introduction

One of the current problems of modern construction
in dense urban development is the danger of additional
absolute and relative uneven deformation of the exist-
ing buildings' foundations, structures, and underground
utilities due to new construction. Geotechnical experi-
ence shows that due to the impact of construction and
operation of new facilities, the bases of the surrounding
buildings' foundations are sometimes significantly de-
formed, and occasionally further operation of these
buildings becomes dangerous [1-8].

Thus, a classic case of such influence in a weak soils
environment was a five-story residential building built
on piles, on the corner of Povitroflotsky and Peremohy
avenues in Kyiv. Additional loading of its pile base
from the side of the new five-storey building-insert on
a slab foundation led to the emergency condition of the
load-bearing structures of the adjacent part of the exist-
ing building.

Another problematic geoengineering task was not
only to improve the design, installation, and execution
of works in a deeper (compared to the level of the ex-
isting foundations' footing) excavation in the area of ex-
isting development [5, 7, 9, 10], but also to minimize
the cost of protective measures.

Review of the research sources and publications

Limit additional absolute and relative bases' defor-
mations of the surrounding structures' foundations, lo-
cated in the influence area of deep pits or communica-
tions, depending on the type of these objects and their
technical condition category [2, 5-7].

In the case of designing bases and foundations, as
well as underground components of new buildings and
structures or objects to be reconstructed, under condi-
tions of dense urban development, geoengineering
monitoring is performed to assess the impact of new
buildings on the stress-strain state (SSS) of the sur-
rounding soil, in particular, and foundations of the sur-
rounding buildings. Under these conditions, graphical,
analytical, graph-analytical, numerical, and other meth-
ods proved efficient in practice [1, 2, 4-7, 9-16].

If the excavation of the foundation pit with free slopes
for the new construction is not justified by calculations,
usually the excavation shoring of different types and
technologies is used, for example [5,7,9-11, 13, 14, 16]:

— sheet piling (thin wooden, metal, reinforced con-
crete, plastic flat or profile retaining walls, the stability
of which provided by the deep immuration in the
ground or in combination with ground anchors, stiffen-
ers, struts, etc.); retaining berms and unloading trenches
have gained some popularity as a supplement to sheet
piling, especially in conditions of weak soils; this op-
tion has a limit on the pits depth up to 5 - 6 m;

— excavation shoring such as "wall in the ground";
makes it possible to dig excavation of a considerable
depth;

— shoring from tangent and secant drilled piles makes
it possible to dig excavation of considerable depth;

— soil-cement excavation shoring made by deep soil
mixing or jet cementation technology; has a limit on the
excavation depth up to 5... 6 m;

— application of the Top-Down technology (vertical
elements of shoring are arranged by the "wall in soil"
technology, from drilled secant or drilled tangent piles),
etc.; enables excavation of the deepest pits, including
ones in the dense urban development.

As arule, the choice of each design and the technolog-
ical solution is influenced by several factors: geoengi-
neering and hydrogeological conditions; technical state
of existing buildings; economic; constructive, organiza-
tional-technological, many others [5, 7, 9-11, 13-16].

Definition of unsolved aspects of the problem

Each time the geoengineer must estimate the SSS of
a rather complex and variable system in the develop-
ment process, which includes the soil mass with the ac-
tual and projected groundwater level, existing founda-
tions and superstructure of buildings in a certain tech-
nical condition, underground engineering networks, ex-
cavation at different stages and elements of its shoring,
foundations of the new building and its load-bearing
structures, take into account the cost of the proposed
design solutions.

In particular, the efficiency and reliability of the
above system are influenced by certain actual parame-
ters of the excavation shoring, which are statistically
variable: the increment and penetration depth of the
shoring elements; geometric location of the capping
beam; eccentricity of the excavation wall axis to the
axis of the shoring’s vertical element; geometric pa-
rameters of the existing surrounding buildings' founda-
tions; physical and mechanical properties of the soils
massif; technological issues during jacking the vertical
elements; dynamic effects on the excavation edge;
flooding of the excavation, etc.

Correct consideration of the possible variability of
these factors, as well as the development of the excava-
tion staging, can minimize the possible impact of new
construction on surrounding buildings and existing net-
works with the required level of reliability and at the
same time have minimal costs compared to alternative
methods of excavation in certain conditions.

The existing regulative system of scientific and tech-
nical monitoring of buildings and structures [17] has
not taken into account the features of the above-men-
tioned geoengineering problem yet.

Problem statement
Therefore, the purpose of the study is to minimize the
impact of new construction to regulatory standards uti-
lizing the actual construction site in dense development
(number of surrounding residential buildings is more
than one) with soaked loess loans and the excavation's
bottom level deeper than the level of the existing foun-
dations' footing at the cheapest possible excavation
shoring solution.

In particular, the following tasks are highlighted:

— determining the area of the possible impact of new
construction on the surrounding buildings;

— analysis of the new construction impact on the sur-
rounding buildings with the definition of the allowable
additional impact during performing the excavation;

— development of constructive and technological
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measures to minimize the possible impact of new con-
struction on the surrounding buildings and existing un-
derground networks;

— substantiation of the excavation workflow with
minimization of the impact on existing buildings;

— calculation of strength and deformability of the ele-
ments of the excavation shoring taking into account the
variability of the actual geometric parameters;

— development of recommendations for monitoring
the technical condition of existing buildings in the pro-
cess of new construction.

Basic material and results
The site of the full-scale object is located at the corner
of Pushkin and Vatutina streets in Poltava (Fig. 1). The
roadway of Vatutina street is 5.5 m away from the ex-
cavation, and Pushkina st. - 5.3 m.

The new building is one-section, eight-story, with
public facilities on the ground floor and underground
parking. The multi-story part is adjoined by a one-story
underground car park through a contraction joint. The
height of the underground floor is 3.9 m, and the depth
of the excavation is over 4.0 m.

In construction terms, the new building is a framed
monolithic structure from the foundation to the slab
above the ground floor. Above that, it's a frameless struc-
ture with longitudinal and transverse load-bearing walls
and interflooring of precast slabs. Its foundation is piles
C140.35-8 (section 0.35x0.35 m, length 14 m), con-
nected by a reinforced concrete spread grille under the
walls and separate reinforced concrete grilles under the
columns. The consequence class of the building is CC2.

From the analysis of the general plan and constructive
parameters of the new building, it is possible to gener-
alize that for the underground parking construction, it
is necessary to dig an excavation 4.8 m deep (to a datum
of 152.3 m) with vertical slopes.

Excavation and the new building foundations' perfor-
mance will have an impact on existing buildings. Thus,
the zone of negative influence (Fig. 1), in particular, in-
cludes the existing six-story residential building on Va-
tutina St. 9/68, five-story residential building on Push-
kina St. 66A (at a distance of 7.2 m from the excava-
tion), the roadway of Pushkina St. with a network of
underground communications (taking into account the
pillar crane area) and the roadway of Vatutina St., etc.

The building on Vatutina St. 9/68 has 6 floors, includ-
ing the attic, and under the whole building, there is a
basement (depth of the underground part - 2.2 m). Its
shape in plain view is rectangular with overall axial di-
mensions 23.25x13.36 m and 18.5 m height. The struc-
tural scheme is frameless.

The load-bearing walls are longitudinal external and
internal.

The foundations of load-bearing and self-supporting
walls are spread monolithic reinforced concrete, shal-
low laying, on a natural base, the foundations footing
depth from the ground level is 2.2 - 2.5 m. The bearing
stratum of the base (Fig. 2) is an engineering geological
element (EGE) heavy silty loam, stiff (EGE-2) loam
with a thickness of up to 1.8 m. The spread foundation

edge is 0.5 - 0.8 m away from the excavation. The gen-
eral technical condition of the building is defined as "2"
- satisfactory, and therefore the allowable additional
settlement of its base from the influence of the new
building should not exceed 20 mm, and their relative
unevenness - 0.0015 [2].

Figure 1 — Layout schematic of the site in:
a — full-scale conditions before the excavation;
b — in plain view;
¢ — in spatial dimension (design proposal)
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A five-storey building on Pushkina St66A was built
according to the 1-511 series, with a technical under-
ground under the entire building. It has a rectangular
shape in plan view with overall dimensions in the axes
of 12.0x33.6 m. The load-bearing elements are external
and internal longitudinal walls. Structural scheme -
frameless with longitudinal load-bearing walls and
stairwells in the form of stiffening cores. Foundations
of walls - spread, precast reinforced concrete, a shallow
foundation on a natural base. The bearing layer of their
footing is EGE-2 (Fig. 2). The building is 7.2 m away
from the edge of the future excavation. The general
technical condition of the object - "2" - is satisfactory
(as one that contains structures with the technical con-
dition of category "2", but there are no structures of re-
sponsibility category Al, A or B with the technical con-
dition of category "3" or "4"). Permissible additional
settlement of its base from the influence of the new
building should not exceed 10 mm, and their relative
unevenness - 0.0015 [2].

[t
]

Figure 2 — Geotechnical cross-section of the site

Struts of I-
beams 30 Sh1
with increment

Geomorphologically, the site is confined to the Pol-
tava loess plateau. The thickness of the loess strata does
not exceed 8 m on site. However, in the case of the soil
massif soaking, settlement from the net weight is ab-
sent. Lithologically, the section up to a depth of 20 m
is represented by silty heavy loams (EGE-2 and EGE-4
- stiff) and light (EGE-3 - fluxional, IGE-5a - soft-firm,
IGE-5b - fluid-firm), as well as light silty, semi-hard
clay (EGE-6). The layers are covered with bulk soil
(EGE-1) with a thickness of 0.8 - 1.8 m. The soil strata
are sufficiently sustained for the depth and area of the
massif.

At the time of surveys and investigations, the ground-
water level was recorded at 4.2 - 4.5 m below the
ground surface (approximately at the level of the future
excavation's bottom), it is expected to rise to 2.0 m.

According to the results of the existing buildings' in-
vestigation, the sections of the greatest influence of the
new construction on these buildings and communica-
tions are highlighted (Figs. 3 and 4).
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Figure 3 — Scheme of the design sections
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Figure 4 — Section 1-1 (6-storey building and tower crane for new construction along the axis «A»)
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As an example we will consider results of only the
basic calculations of the excavation shoring, influence
of new construction on the existing building, checks of
deformations during excavation, and an underground
part of a new building on section 1-1 (passes through
the six-storeyed building). Its foundations are 0.5 - 0.8
m from the edge of the excavation and the depth of the
excavation in this section is 4.8 m (Fig. 4).

To reduce the load on the shoring, its depth was re-
duced by performing a preliminary ("pioneer") excava-
tion with a depth of 1.8 m near the building. At the same
time along with the existing building on Vatutina St.,
9/68 there will be removed almost the entire bulk layer.
Then from the bottom of the "pioneer" excavation ver-
tical elements of the shoring will be pressed down
(metal piles of I-beams 30Sh1 10 m long, with an in-
crement of 1.0 - 1.5 m), between which a wooden fence
and a capping beam will be installed. The proposed
technology has the lowest cost compared to Larssen
sheet piling and is arranged in the shortest time com-
pared to drilling piles or "wall in the ground" (no need
to wait for concrete to cure and it is possible to excavate
the soil immediately after immersion of metal piles). It
is expedient to create the offered protection on the fol-
lowing stages:

1 — immersion from the ground surface of pressed
piles for a new building (before the arrangement of the
excavation); erection of the vertical shoring elements
along the contour of the excavation except for the area
near the building (Fig. 5);

2 — digging the "pioneer" excavation to a depth of 1.8
m from the surface; pressing the piles of a shoring from
I-beams 30Sh1 between excavation and the base of the
existing building (fig. 6);

3 — excavation to the design depth under the protec-
tion of a soil berm 3.2 m wide with a slope of 45 - 50 °
(Fig. 7);

4 — an arrangement in the upper part of the shoring
(0.5 m from the surface) of the capping distribution
beam of I-beams 30Sh1, installation of I-beams 30Sh1
struts with an increment of 4 m on pre-arranged grilles
of the future building (Fig. 8);

5 — works performance on arrangement of spread
grilles under the parking wall, the parking floor ar-
rangement, which will act as a spacer system and will
accept the load from the shoring, it is also advisable to
perform vertical reinforced concrete structures (pylons,
walls) to the struts level and only after gaining strength
with concrete to remove the struts and continue to per-
form monolithic work (Fig. 9).

Excavation shoring

of I-beams 30Sh1

with an increment
of1m

piles for the
building’s
columns

load from the

existing
foundation

piles for
parking walls

Figure 5 — Stage 1 of the excavation shoring erection in section 1-1

A

Figure 6 — Stage 2 of the excavation shoring erection in section 1-1
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Figure 7 — Stage 3 of the excavation shoring erection in section 1-1

Grille over

‘L” axis

Figure 8 — Stage 4 of the excavation shoring erection in section 1-1

Parking floor

Figure 9 — Stage 5 of the excavation shoring erection in section 1-1
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Similar studies were performed in cross-sections 2-2.

In the area where there are no communications and
existing buildings, the criterion of calculation was
taken as the strength and stability of the excavation
shoring system. Horizontal displacements in this area
should not exceed 10 cm. In the area of communica-
tions and buildings, horizontal displacements are lim-
ited so that the vertical deformations of the existing

building foundations do not exceed the normative de-
pending on the technical building's condition.

The spatial view of the excavation shoring is shown
in Fig. 10.

The calculation of the new construction influence
(namely the excavation in sections 1-1 and 2-2) was
performed in a plane nonlinear formulation by the finite
element method (FEM).

Building on
Vatutina st., 9/68

Building on
Pushkina st., 66 A

Figure 10 — Spatial view of the excavation and its shoring

To solve the problem, a software package for finite
element analysis of geoengineering problems was used.
Numerical modeling of the system "base - foundations
of the existing building - construction of the shoring"
was performed using a well-tested elastic-plastic model
of the soil with the Coulomb - Mohr criterion of
strength to solve similar problems.

Under these conditions, when using an elastic-plastic
model of the soil with the strength criterion of
Coulomb - Mohr, the known hypotheses of soil me-
chanics are accepted, such as:

1) the soil within each finite element is taken as a ho-
mogeneous isotropic medium;

2) at deformations, the integrity of a massif remains;

3) shapeshifting deformations are nonlinear;

4) vectors of the principal plastic deformations (and
their velocities) and the principal stresses at a complex
stress state are assumed to be coaxial;

5) load - simple (components of the stresses deviator
increase in proportion to one parameter);

6) the coaxiality of stress and strain tensors are pre-
served.

The design schemes of the FEM for sections 1-1 mod-
eling the influence of new construction at each stage are
given in Fig. 5 - 9. In addition, at the initial stage, the
initial stress state was modeled from the net weight of
the foundation soils and existing buildings, but the de-
formations that occurred were zeroed because this SSS
is the initial for further calculations.

Calculations of the excavation shoring elements, tak-
ing into account the stages of excavation, in particular,
it is established that the shoring should be made of sheet
piles (I-beams 30Sh), which should be pressed in incre-
ments of 1 m, with a wooden fence between them.

To increase the stability and reduce the deformation
of the vertical elements, the development of the exca-
vation is provided in the initial stages under the protec-
tion of the soil berm, and further - with the installation
of capping beams, braces, struts, and gradual supply of
the floor and outer wall of the parking lot.

Similar results of the massif's deformations at differ-
ent stages of excavation shoring by FEM modeling
were obtained for section 2-2 and in the area of the pil-
lar crane.

For example, for section 2-2, excavation with mini-
mization of the influence on the existing building is jus-
tified in the following stages:

1 — before the excavation from the surface of the site
jacking the piles for the new building; immersion of
vertical elements of shoring (I-beams 30Sh1) on an ex-
cavation contour; its excavation to the design mark un-
der the protection of the berm from the ground (at an
angle of about 55° with a width of 2.4 m at the base and
1.0 m at a depth of 2.4 m from the planning level);
beyond the contour of the excavation arrangement

of I-beams 30Shl capping beam at a depth of 2.4 m
from the surface.
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2 — installation of struts (I-beam 30Sh1), which on
one side rest in the embedded part in the grilles (set in
the process of concreting the grilles), and on the other
one — in the capping beam; removal of the soil berm,
due to which the load from the shoring is partially trans-
ferred to the foundations of the new building.

3 — works on the arrangement of spread grilles under
a parking wall, the installation of its floor which will
carry out a role of a spacer system and will accept load-
ing from the shoring, it is also recommended to execute
vertical reinforced concrete designs (pylons, walls) to
the level of struts and only after concrete cures to re-
move struts and to continue performance of monolithic
works.

For unloaded zones along axes 1, 9, and A it is advis-
able to arrange the excavation in stages:

1 — arrangement of excavation shoring from a plat-
form surface from I-beams 30Shl 12 m long pressed
piles with an increment of 1.0 m;

2 —the pit excavation to a design depth of 4.8 m under
the protection of a soil berm 2.0 m wide and 2.0 m high
with a horizontal platform 1 m wide at the top;

3 — arrangement of a capping beam at a depth of 2.4
m from the surface, after which it is possible to cut the
ground berm with grips up to 6 m and erect under-
ground monolithic structures, including vertical (walls
and pylons), etc.

There is also a shoring in the area of the pillar crane
in the A axis — for the period of construction and instal-
lation works (the crane is located on the edge of the ex-
cavation between the axes 2 and 6) under the protection
of a soil berm and struts with an increment of 4 m from
double I-beams 30Sh1.

In fig. 11 some photos of the excavation shoring pro-
cess are shown, and in Fig. 13 there are presented tech-
nological solutions for the erection of the underground
part of the building in the area of the elements of the
shoring.

*F e

POCOPHONE
SHOT ON POCOPHONE F1

Figure 11 — Photo of the excavation shoring installation near the existing 5-story building

In order to minimize additional settlement of the ex-
isting building, it is planned to remove the strut of the
excavation shoring only after installing not only the
grille, but also after erecting a certain part of the vertical
outer and transverse inner monolithic walls.

To confirm the calculated data on additional settle-
ments of the foundations’ base of the existing build-
ings, it is necessary to perform field observations in the
excavation process.

The purpose of monitoring is to preserve the opera-
tional reliability and suitability of residential buildings
bordering the new development zone. Its main task is
periodic geodetic, including automated, surveys to
quickly detect the deterioration of the technical build-
ings' condition or the approximation of actual (meas-
ured) sediments and slopes to their limits, control over
the technology of excavation, and so on. Therefore, the
following composition of geotechnical and geodetic

monitoring in the process of construction of a new
building was adopted:

— installation of settlement (wall) points and auto-
mated measuring and information system;

— system of instrumental (deformations measurement
of foundations' bases by wall points) and visual (photo
fixation) observations of existing structures;

— evaluating the results of observations and compar-
ing them with the predicted data;

— development, if necessary, of measures to eliminate
unacceptable deviations and negative consequences;

— control over the implementation of decisions.

The frequency of monitoring can be adjusted at dif-
ferent stages of new building construction with the de-
terioration of the technical condition of buildings or the
approach of the measured settlements and slopes to the
limit values.
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Figure 12 — Deformations of the soil mass according to the FEM modeling
at the stages of excavation shoring performance:

a — execution of the "pioneer" excavation (maximum elevation of the bottom of the pit - up to 13 mm); b — arrangement of
the excavation under the protection of the soil berm (maximum deformation - up to 3.2 mm at the bottom of the excavation);
¢ — arrangement of a strut and removal of a soil berm (the maximum deformations - to 68 mm at the bottom of excavation
from soil heaving); d — arrangement of the parking floor and spread grille and removal of the strut (maximum deformation -
up to 68 mm at the bottom from the soil heaving, ie did not increase compared to the previous stage)
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Figure 13 — Technological scheme of performance of the underground part
of the building in the area of the shoring

Conclusions

Thus, on a typical full-scale object (multi-apartment
residential building on piles) in the conditions of dense
development (six- and five-story residential buildings
on the shallow foundations and urban infrastructure)
and soaked loess soil, it was minimized to regulatory
requirements, the possible impact of new construction
in a deeper excavation compared to the existing foun-
dations level.

1. According to the results of the calculation of the ex-
cavation shoring stability in section 1-1 (depth 3 m tak-
ing into account the "pioneer" excavation with a depth of
1.8 m), it is established that its shoring can be made of
vertical elements (I-beams 30Sh1) 10 m long with an in-
crement of 1.0 m and struts with an increment of 4 m
(from I-beams 30Shl), between the elements, it should
be created a wooden fence of boards with a thickness of
50 mm and connect with a capping beam (I-beam
30Shl). The maximum additional settlement of the ex-
isting residential building foundations will not exceed 8
mm. This excavation technology is the cheapest.

2. According to the results of the calculation of the
excavation shoring stability in section 2-2, it is deter-
mined that the shoring should be made of vertical ele-
ments (I-beams 30Sh1) 12 m long with an increment of
1.0 m and struts with an increment of 6 m, between the
elements, a wooden fence of boards 50 mm thick
should be made and connected by a capping beam (I-
beam 30Sh1). The depth of the excavation is 4.7 m. The
maximum additional settlement of the foundations of
the existing building reaches 8.5 mm. In addition, it was
found that after the arrangement of the parking floor
and spread grille under its walls in the case of removal
of the strut the foundations' settlement may increase to
12.5 mm, which is more than the maximum allowable
value of 10 mm. Therefore, when carrying out work,
the struts should not be removed until the vertical base-
ment wall is erected to the bottom of the strut.
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Utilizing low-frequency ultrasound as a countermeasure
to asphalt-resin-paraffin deposition in oil pipelines
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The experimental data on the low-frequency ultrasound effect on asphalt-resin-paraffin deposits (ARPD) occurring in oil trans-
portation through pipelines are presented. As a result of the empirical data statistical processing, a correlation was obtained,
which enables the prediction of the ultrasonic exposure time required to remove ARPD from the surface of the pipes. The tem-
perature regime changed from the time of ARPD formations exposure to the ultrasonic influence was analyzed. The proposed
algorithm for finding the ultrasonic treatment optimal operational parameters can be used not only in the selection of ultrasonic
equipment parameters, which control ARPD in pipelines but also in the run-in hole ultrasonic equipment’s operating parameters
selection in certain fields conditions

Keywords: asphalt-resin-paraffin deposits, oil pipeline, temperature conditions, ultrasound, ultrasonic equipment

Bukopucranus yJabTpa3ByKy HU3bKOI YACTOTH SIK MeTOXy 00pOTHLOM 3 ac-
danbTo-cMosi0-napadgiHOBUMU BiIKJIaJeHHAMHE Y HAPTONMPOBOAAX

Haszapenxo LL!'*, Hecrepenko T.M.2, Hecrepenko M.M.2, bepuuk I1.M.*

! KuiBchKuii HAIOHATBHMI YHIBEpCUTET OYNiBHULTBA Ta ApXiTEKTypPH
2 Hanionanenuii yHiBepcuTeT «IlonTasepka nomitexHika imeni IOpis Konapatroka»
3 HauionaneHuit yHiBepcuteT «llonrascbka nositexHika imeni IOpis Konapatioka»
4 BiHHMUBKHMI HAllOHAJLHUH arpapHuiil YHIBEPCUTET
*Anpeca i tuctyBanHs E-mail: i_nazar@i.ua

IIpoanamnizoBaHO iCHYIOWI METOJM MEXaHIYHOTO, TEIUIOBOTO Ta XIMIYHOTO BIUIMBY Ha acanbTo-cMoJo-TIapadiHOBi BiiKiIa-
nenns (ACIIB). BusiieHo, 1o He3BaXkato4H Ha BEJMKY KUTBKICTB poOiT Ipo mapadinizaliito TpyOonpoBoIiB, sIKi TPAHCIIOPTY-
10Th HaTy 1 HaQTOMPOXYKTH (MaricTpaibHi TpyOOIPOBOIM, MICIIEB] TPyOOIIPOBOIH, UICH(H CBEPUIOBUH, BHYTPIIIHBOIPO-
MHCJIOBI TPyOOTIpOBOAN), Ta po MeToxu 60potsdn 3 ACIIB, MeTox ynbTpa3BykoBol 00pOOKH BUBYEHHH HEIOCTATHHO IIOBHO.
[TpoBeneHo abopaTopHi JOCIIHKEHHS BIUIUBY yJIbTPa3ByKOBHX XBHIb HU3bKOT yactoti Ha ACIIB 3i muteiida nagroBoi cBe-
paoBuny. HaBeeHo i eKCIepuMEHTaIbHIX JIOCIIKEHb BILIMBY YJIbTPa3BYKOBHX XBHIIb HU3bKOI uactoTd (20 — 40 k['1)
Ha ACIIB, 1110 BUHHKAIOTh PU TPAHCIOPTYBaHHI HaTH Ta HAPTOMPOLYKTIB MO TpybompoBogax. OTpUMaHO 3aleKHICTh y
pe3ynbTaTi CTAaTUCTHYHOT 0OPOOKM EKCIICPHMEHTAIBHUX JIaHHX, SIKA Ja€ MOMIIMBICTH NPOTHO3YBAaTH 4ac YJIbTPa3ByKOBOI'O
BIUTMBY, HeoOXimuui st Bupanenns ACIIB Bix moBepxHi TpyOOIpPOBOIB, 1110 TPAHCIIOPTYIOTh HA(TY Ta HAQTONPOIYKTH.
BusnaueHo, 1o Haiibiipmit BIunB Ha Macy Buaanenux ACIIB mae gac ynpTpa3BykoBoi B3aemoii. [IpoaHasizoBaHo 3MiHy
TEMIIEPaTypHOTO PEKHUMY IiJ| 4acy yJIbTPa3BYKOBOIO BIUIMBY Ha ac(haibTo-CMOJO-TapadiHUCTi BiAKIALCHHS. 3aCTOCOBAHO
METO/I KOMIUIEKCHOT'O BIUTMBY KaBiTYIOUYOTrO IMOJIS Ta TEILUIOBOrO e()eKTy Bill yIbTPa3BYKOBHX XBWIb (ChepHUHA MOJEIB PO3-
MOBCIO/KCHHSI TEIUIOBUX Ta YJIbTPa3ByKOBHX XBHIIb) [UIsl OTPHMAHHS 3aJI)KHOCTI, 110 JIO3BOJISIE BU3HAYMTH [IPOrHO30BAHHI
neperaj TeMIepaTypH, 3a siIkoro Biaoynerses BuaaneHas ACIIB. 3anponoHOBaHO ajlropuT™ IOLIYKY ONTHMAIIBHUX [1apame-
TPiB PSKUMY YIIBTPa3BYKOBOI 00pOOKH, sIKMii MOYXKe OyTH BUKOPUCTaHHUI HE TUTBKU NPH mixdopi mapaMeTpiB poOOTH yIIbTpa3-
BYKOBOT'O 00JIaJHAHHSI, SIKE 3aCTOCOBYEThCs [uist 60poThOu 3 ACIIB y TpybGomnpoBonax , a i 1uist obafHaHHs, SIKE CIIYyCKAa€ThCs
0e3nocepeIHbO Y CBEPUIOBUHY

KurouoBi ciroBa: acdansTo-cmono-napadiHoBi BifkiIaaeH s, HAQTOIPOBi, TEMIIEPATYPHHI PEXUM, YIbTPa3BYK, YIbTPa3BY-
KOBE 00J1aJHAaHHS
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Introduction

Asphalt-resin-paraffin depositions (ARPD) are one of
the problems that cause complications in the operation
of technological equipment, tanks, and pipelines in the
production, collection, transportation, and storage of
oil.

The accumulation of ARPD in the pipelines leads to
a sharp drop in system performance — increased pres-
sure drops and reduced capacity. Nowadays, there are
many methods of combating ARPD oil, most of which
are based on thermochemical methods, the use of which
is associated with high costs and reduced safety of work
performed [1-3].

Existing methods of purely mechanical impact do not
give high positive results in pipelines, because the usual
flow rates do not provide the necessary effort to affect
the scrapers on the dense layers of ARPD. Experience
in vibration treatment of highly paraffinic oils has
shown a negative effect on the durability of pipeline
systems' structural elements.

Thus, at present, there are no effective, safe, and en-
vironmentally friendly methods of ARPD removal at
oil pipelines.

Review of the research sources and publications

Thermal, chemical, and mechanical methods of
ARPD removal are used in oil production. Thermal
methods are based on the paraffin tendency to melt at
temperatures exceeding 50 °C and drain from the
heated surface. Creating the necessary temperature re-
quires a special heat source that can be placed directly
in the area of depositions [4 — 6].

Currently, technologies are utilizing: hot oil or water
as the heat carrier; steam; ground & downhole electric
furnaces; induction flow heaters; reagents in the inter-
action of which exothermic reactions occur.

The disadvantages of these methods are their high en-
ergy consumption, electrical and fire hazard, unreliabil-
ity, and low efficiency of the applied technologies. The
use of solvents to remove deposits that have already
formed is one of the most well-known and widespread
methods in the technological processes of production,
transportation, storage, and refining of oil.

However, the problem of solvent selection for spe-
cific conditions is far from being solved. As a rule, the
selection of ARPD solvents is carried out empirically.
This is due to the lack of information about their struc-
ture and properties, as well as the insufficient mecha-
nism knowledge of the petroleum dispersed system in-
teraction with solvents.

Mechanical methods involve the removal of already
formed ARPD deposits. A number of various design
scrapers have been developed for this purpose.

The use of ARPD control methods is greatly compli-
cated by the fact that its use often requires the pipeline's
shutdown.

The method of using coatings gave a generally posi-
tive effect, but the high cost of pipe production with
enamel and epoxy coating did not allow the coated
pipes to be used. Today the application of this method
is very limited.

A large number of scientific papers are devoted to the

mechanism of magnetic oil treatment, water-oil, and
water systems. The theory of magnetic influence on lig-
uid media containing impurities of ferromagnetic parti-
cles is proposed.

Definition of unsolved aspects of the problem

Problems of the ultrasonic technologies research for
application in the oil and gas industry were addressed
in the following papers [7 — 9]. Most of the research has
been done in the last two decades and lacks require-
ments and recommendations for the use of ultrasound
equipment for ARPD removal. Also, the authors of [8,
9] approached the use of ultrasound mainly to intensify
the impact on the bottom-hole zone of the well; the use
of it to clean the pipelines was not given due attention.

Despite a large number of papers on the paraffiniza-
tion of main oil pipelines and counter measuring ARPD
methods, the method of ultrasonic treatment is not fully
understood. However, in the transportation and storage
of oil in the systems of collection and pipeline
transport, the paraffinization problem has always re-
mained a priority.

Problem statement

Therefore, the research aims to study the efficiency
and feasibility of ARPD treatment with ultrasonic
waves.

To achieve this, the following tasks are set: experi-
mental studies of ultrasound influence on ARPD sam-
ples; obtaining a relationship between the mass of
ARPD, the time of ultrasonic treatment, and the fre-
quency of ultrasonic waves; based on experimental
studies, obtaining the dependence to determine the op-
timal time for ultrasonic treatment.

Basic material and results

The mechanism of the ultrasound impact is still insuf-
ficiently studied [10, 11], so, at this time, it is impossi-
ble to assess how the melting of ARPD occurs due to
ultrasonic waves.

To study the effect of ultrasonic waves on ARPD, a
multifactorial experiment was performed on metal sam-
ples (fig. 1).

Figure 1 — Sample before experimental research

Metal plates were used as samples, which were
weighed on electronic scales before applying ARPD on
them. Then ARPD was applied to the plates in the same
amount.

A sampling of ARPD and their analysis was per-
formed directly during the technical diagnostics of
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wells. The component composition of the plug was de-
termined in the laboratory by the standard method.

Table 1 presents the component composition of the
samples taken from the well of PJSC "Ukrnafta".
Type ARPD P/S+A — paraffinic.

In table 1 take the following notation: p-n — paraffin-
naphthenic hydrocarbons; 1-a — light aromatic hydro-
carbons; m-a — medium aromatic hydrocarbons;
h-a — heavy aromatic hydrocarbons; resins I — benzene
resins; resins II — alcohol-benzene resins.

The samples were placed in an ultrasonic cleaner, the Figure 3 — Sample after prolonged exposure
study was performed according to the parameters of the to ultrasound
planning matrix of the experiment (Table 2). At the
same time, variation of 2 factors was carried out: ultra-
sonic influence with an interval of 10, 15, 20 minutes
and frequencies of 20, 30, and 40 kHz. Let us denote
the factors: time — t (factor Nel) and frequency of sound
— f (factor Ne2).

After each experiment, the sample was dried and
weighed again (Fig. 2). The difference in ARPD mass
before and after the experiment gives the mass of
ARPD detached from the surface. As a result of the ex-
periment, there was the percentage of destroyed ARPD

from the total mass of the applied ARPD entered in the . . .
table. Figure 4 — Magnification of the sample under

the microscope immediately after the examination
(with cavitation bubbles)

Samples after examination were photographed and
magnified on an electron microscope (fig. 3-5).

Figure 2 — Sample after short-term exposure
to ultrasound Figure 5 — Magnification of the sample under
the microscope

Table 1 — The results of the hydrocarbon type content studies ARPD

Composition, %
Hydrocarbons Resins I Resins 11 Asphaltenes Paraffin
p-n l-a m-a h-a
39,2 17,1 11,2 14,7 5,6 10,8 1,4 14,6
Table 2 — Experiment planning matrix 32
Experiment # Factor Nel Factor Ne2
-1 0 +1 -1 0 +1

1 10 20

2 10 30

3 10 40

4 15 20

5 15 30

6 15 40

7 20 20

8 20 30

9 20 40
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As a result of experimental data statistical analysis,
the correlation (1) and graphs of functions were ob-
tained (fig. 6, 7). The results’ probability of exceedance
is R=0.975.

The equation for determining the mass of destroyed
ARPD taking into account the paired linear and quad-
ratic interactions has the following form

m=0.347+0.204t +0.126 f —0.048¢2 +0.071f . (1)

1, kY

(B . -ol
Figure 6 — Cross-section of the ARPD
response surface (in fractions)

Figure 7 — Correlation of the amount of ARPD
versus the frequency and time
of ultrasonic interaction

To assess the effect of ultrasound on the purification
process from ARPD, it's needed to use a well-known
method that accounts for the complex effect of the cav-
itation field and the thermal effect of ultrasonic waves
[12].

A mathematical description of one of the effect hy-
potheses will be offered next, taking into account the
experimental studies' results.

It has been experimentally established that ARPD de-
posits are simultaneously affected by 2 effects: thermal
effect and ultrasonic waves effect.

Heat distribution simulation is well studied and
known equations are used for this process. We assume
that we will further analyze the spherical model of ther-
mal and ultrasonic wave propagation.

Heat distribution in spherical coordinates is

oT A { ) [ 5 arﬂ
— === | ()
ot p-c,|r or or
where 7— ARPD temperature in the studied volume;
r — coordinate in spherical coordinates;
p —ARPD density;
A — thermal conductivity index.

Assuming that the increase in temperature is due to
the power of thermal radiation in the ultrasonic emitter,
it is possible to add a boundary condition

oT _g
_AF, (3)

6rr:r0

where Q — heat source capacity;
F — the surface area of the heat source;
ro — conditional dimension of the heat source.
However, the mechanism of ultrasound's influence on
the ARPD temperature characteristics is still unclear. It
was suggested that this effect depends on the intensity
of ultrasonic waves.
A harmonic symmetric spherical wave in a medium
without absorption is given by the equation

u(ry =" )
r

where 4 — the amplitude of ultrasonic oscillations.

The attenuation of ultrasonic oscillations leads to the
appearance in the equation of an additional constant
multiplier reduced to a unit path length. As a result, for
aplane wave propagating along the x-axis, it is possible
to write the following

[ = dy- e T )

where a — the attenuation coefficient of ultrasonic
waves ARPD.

Thus, the intensity of ultrasonic waves, taking into ac-
count the attenuation can be estimated as

1 =i'e“" , (6)
r

where A; — reflection coefficient of the medium prop-
erties and the parameters of the ultrasonic wave.

Therefore, based on the assumption that the effect of
ultrasound depends on the intensity of oscillations at a
given point and this dependence is directly propor-
tional, we can write the following equation:

or 1 _,

ot g r ¢ @
where y — reflection coefficient of the medium proper-
ties and the parameters of ultrasonic waves on thermal
exposure.

Note that in general, the coefficient y may be different
for different amplitude-frequency characteristics of the
emitter.

Thus, the change in temperature to a certain extent
with ARPD is generally described as a functional cor-
relation:
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Let's represent this dependence using the regression
analysis. Perform decomposition in a polynomial:

oT Al o 0T |

—:f _——— T — ,z_.e ~

ot pe, | ¥t or or r

zCli|:L2 3( za—Tﬂw’z Zl )
pe, | ro or r

1 4 A |1 0,07
+C3.Z_.e —_— | —
r pe, | ¥ or or

Applying the condition that in the absence of ultra-
sound (ic when y = 0) the equation must be converted
into the thermal conductivity equation:

oT A [1 a( ﬁTﬂ
=C—|5—|r"—]||=
4=0 pe, | ¥ or or

El
., (10)

Al 6( 26T]
=2 | .22
pe, |t or or

thereby, C; = 1.

Next, we will define the number C,. Suppose there is
an ultrasonic effect, but no thermal effect. It is known
that the waves themselves are not sources of heat, so
the temperature change should not occur:

aT 1 —ar
| =Cy-y—e " =0.. (11
ot |y ,
Hence, C, = 0. Therefore
or 4|1 a( 251’)
or_ A1 of.200),
o pe, |1 or( or
\ wr A1 0f,0T
+Cy - y—e || —||= 12
3 Zr e pcv|:r2 ér(r arj:| (12)
=(1+C3‘ll‘e_arji %-i(}ﬁz a_Tj
r pe, L re or\ or)]
Substituting C5-A ="y,
oT ( 1a,j/1'1 a[zaT]'
—_— = 1+;(0—e —l= = [
ot r pe, | r or or )|
I 2 . (13)
6T( 1a,j/1 2 oT &°T
—=|1+yy—e —|= ==
at r pcv _I" ar or

Therefore, the equation for modeling the ultrasonic
effect on ARPD is obtained.

Neglecting the effect of convection and diffusion, the
time to raise the temperature from T to T», we obtain
the required time for appropriate heating

PV -T)+ 4]
nQ ’
V — approximate volume of ARPD;
T1— initial temperature ° C;
T, — final temperature °C;
p — density of ARPD, kg/m’;
¢ — heat capacity ARPD, W/K-m3;

(14)

Q — power consumption of the ultrasonic installation, kW
n — efficiency of the ultrasonic emitter;
An — melting heat of ARPD, kJ/kg.

On the other hand, the time of ultrasonic exposure can
be expressed from equation (1) (ignoring the quadratic
interaction of time)

m; —0.347-0.126

(= —=4.9m, —1.7-0.62f ., (15
0.204 " /s (3)

m(e(T, ~T)+ 1)

4.9m, —1.7-0.62f = 6
no
m(cAT +2,)=nQ0(4.9m —1.7-0.62f) ,  (17)
-1.7- mA,
A 1O(49m —1.7-0.62f) _
mc mc
_A490m  1.73Q  0.627Qf  mAs
mc mc mc mc
(19)
_ 490 1m0 0.6270f A
¢ Vep.e Vepce ¢
_490- A 1.770+0.6200f
C Vpc

Therefore, the predicted temperature difference at
which the ARPD will be removed can be determined
by the formula
_ 4O -4, 17390 +0.62n0f

c V-p-c '

AT

(20)

Conclusions

Experimental studies of the ultrasonic influence
mechanism on the solid's surface suggest the possibility
of using the ultrasonic method to countermeasure
ARPD.

Experimental studies were planned according to the
method of experiment planning, which reduced the vol-
ume of studies to nine experiments (with three itera-
tions at each point of the experiment), while not reduc-
ing the reliability of the results and the correlation ade-
quacy. The obtained equations for determining the
quantity of removed ARPD depending on the time and
frequency of ultrasonic interaction enable predicting
the time required to get rid of ARPD on the pipe sur-
face. The results’ probability of exceedance is R=0.975.

After analyzing the obtained graphs and correlations,
it was determined that the time of ultrasonic interaction
has the greatest influence on the mass of removed
ARPDs because in the response surface equation the
coefficient is the largest and positive.

The proposed algorithm for finding the ultrasonic
treatment optimal operational parameters can also be
used in the run-in hole ultrasonic equipment’s operat-
ing parameters selection in certain field conditions.
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Currently, there is no single method for determining the width of the cross-section for the elements of anti-landslide retaining
structures with a rectangular cross-section (or the diameter of the elements with a round cross-section) at a known distance
between them. An algorithm for determining the diameter (in the case of a transitional view of a round shape) or the smaller
side (in the case of a transverse transition of a rectangular shape) of anti-vessels supporting structures at a known distance
between them is presented. In the course of the above work, obtained analytical dependencies that allow us to determine: the
width of the cross-section for the elements of anti-slip retaining structures with a rectangular cross-section (or the diameter of
the elements with a round cross-section) at a known distance between them, the step of arranging the elements of anticonvulsant
supporting structures with a rectangular cross-sectional shape (or the diameter of the elements of a circular cross-sectional
shape) at a known distance between them.

Keywords: landslide, retaining structure, diameter element, width element, step elements.

BuzHauyeHHsI IIMPUHM MONEPEYHOI0 Nepepizy
AUCKPETHUX YTPUMYOUYHX CHOPY/

Ilanosaxa B.I'.", Ilonomapenko 1.0.2, Illamenko J1.0.3, I'purop’es O.€.*

! HaionansHUM TeXHIYHMHI yHIBEpCUTET «J]HIMPOBCHKA MOMITEXHIKa»
2 YepkachbKuii JepKaBHUM TEXHOJIOTTYHUM YHIBEPCUTET

3 HanioHanbHMI TeXHIYHUN yHIBEpCHTET «JHITPOBCHKA MOJITEXHIKa»

4 HauionanbHuii TexHiuHMi yHiBEpCUTET «JIHIMPOBCHKA MOJITEXHIKA

*Anpeca s uctyBanHs E-mail: ivan1990ponomarenko@gmail.com

B nanuii yac He icHye €AMHOT METOMKH BU3HAYEHHS IIMPHHHM NONIEPEUHOTO Mepepisy Ul eIEMEHTIB IPOTU3CYBHUX YTPUMY-
FOYNX KOHCTPYKIIH 3 MPSIMOKYTHO (OPMOFO MOMIEPETHOTO Tiepepi3y (abo miaMeTpy eIeMEeHTIB 3 Kpyriiorw (GopMoro momnepe-
YHOTO Mepepidy) MpH BiIOMil BiICTaHI Mk HUMH. ByJio IPOBEICHO TEOPETHYHI JOCIIIKEHHS TEOMEXaHIYHHUX MTPOIIECIB 3 BH-
KOPHCTaHHSM aHAJTITHYHHX 1 YHUCEIbHUX MAaTEMaTHYHUX METO/[iB. BUKOHAHO aHAII3 1 y3araJbHEHHS Pe3yJbTaTiB TCOPETHYHUX
Jociipkenb. [IpencraBiaeHo anropuT™ BU3HAYEHHS AiaMeTpy (B pasi HONEpedHOro nepepisy Kpyrioi ¢popmu) abo MeHIIol
CTOpOHH (B pa3i MOMEpevHOro nepepisy NpsiMOKYTHOIT (POPMH) MPOTH3CYBHUX YTPHUMYIOUNX KOHCTPYKLiH IpH BioMiii BigcTaHi
MK HUMH. B pe3ynpTaTi OTpUMaHO aHaNITHYHI 3aJI€)KHOCTI, 1110 03BOJISIIOTh BU3HAUUTH: [IMPUHY MTOTIEPEUHOTO Mepepi3y st
€JIEMEHTIB MPOTU3CYBHUX YTPUMYIOUNX KOHCTPYKIiH 3 MPSIMOKYTHOIO (hOPMOIO MOTIEPEYHOTO repepisy (abo miamerpy eneme-
HTIB 3 KPYIJ1010 (hOPMOIO TONIEPEYHOT0 Hepepidy) MpH BiOMIi BiacTaHi MiXk HUMH, KPOK PO3CTAHOBKHU €JIEMEHTIB IIPOTH3CYB-
HUX YTPUMYIOUNX KOHCTPYKIIH 3 IPSMOKYTHOIO (hOPMOIO OIEPEYHOTro Iepepily (abo piaMeTpy eleMeHTIB 3 Kpyrio Gop-
MOIO TIOTIEPEYHOTr0 Nepepily) IpH BimoMil Bifcrani Mix HUMH. OTpUMaH] aHATITHYHI JaHI TAaKOXX MOXXYTb OyTH BHKOpPHCTaHI
B SIKOCTI TIOIIEPE/HIX JAHUX IIPH BUKOHAHHI PO3PaXyHKiB 3 BAKOPHCTAHHSIM CYYacHHUX MPOIPAMHUX KOMILIEKCIB 5K [0 IPYHTY,
TaK i 110 MaTepiay.

Kurouogi ciioBa: 3cyB, yTpuMyioda KOHCTPYKIIisl, AiaMeTp €IEMEHTY, IIUPHHA EJIEMEHTY KPOK SJICMEHTIB.

82 Academic journal. Industrial Machine Building, Civil Engineering. — 1 (56)’ 2021



Introduction

Currently, in the anti-landslide restraining structures de-
sign, the following problems occur [1-3]:

1) The use of solid restraining structures (restraining
walls) is a very costly and laborious process.

2) During such consumption, there appear problems
with cutting the slope and, as a consequence, the stabil-
ity loss, as well as the drainage of groundwater.

3) According to the spatial layout, the following re-
straining structures are distinguished:

— linear or extended objects, which include retaining
walls, trench fences, anti-landslide structures, etc.

— point or discontinuous objects, which include
fences of pits, chambers, wells, anti-landslide struc-
tures, etc.

In turn, point objects are subdivided into single-row
and multi-row (from several rows of separately stand-
ing connected or unconnected retaining structures).

An alternative to solid anti-landslide structures is dis-
crete containing structures [2, 3, 4], however, the fol-
lowing problems use occurs:

— the strength loss and soil stability risks, which are
located between the elements of the discrete restraining
structure and, as a result - soil destruction located in the
zone of the restraining structure influence - and further
- landslide descent.

—discrete (especially multi-row) restraining struc-
tures create a barrage effect for underground waters; the
result is groundwater level rising and, as a conse-
quence, a deterioration in the soil condition in the re-
straining structure influence zone - and further - its de-
struction.

Review of the research sources and publications

The retaining structures' design should include:

— retaining structure type selection;

— selection of a method for constructing a retaining
structure;

— choice of dimensions, depth of the retaining struc-
ture, and its main geometric parameters;

— structures attach type selection;

— selection of materials for the retaining structure;

— the choice of the method of protection against
groundwater;

—checking the bearing capacity of the base containing
the structure according to the first and second groups of
limiting states.

Nowadays, L. K. Ginzburg (1), N. N. Maslov (2) and
(3), R. Hill (4), S. I. Make (5), G. E. Hennessy (6)
[3-7] formulas are most often used to determine the
spacing size for the anti-landslide discrete restraining
structures placement.
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where b is the distance between the containing elements
in the axes;
D is the diameter of the circular shape containing ele-
ment section or the smaller side of the rectangular ele-
ment;
E,, is shearing pressure;
H is the soil thickness at the location of the restraining
structure;
¢ and g are soil strength characteristics [8];
y1s soil specific gravity;
ais the inclination angle to the horizon of the sliding
soil massif.

Each of the above formulas only partially takes into
account the strength characteristics of the soil and re-
straining structures.

Definition of unsolved aspects of the problem

Nowadays, there is no single method for determining
the width of the cross-section for elements of anti-land-
slide retaining structures with a rectangular cross-sec-
tional shape (or the diameter of elements with a circular
cross-sectional shape) with a known distance between
them.

Problem statement

The main goal of the presented article was to find an-
alytical dependencies that allow determining the fol-
lowing design parameters of discrete anti-landslide
structures:

— the width of the cross-section for the elements of
anti-landslide restraining structures with a rectangular
cross-sectional shape (or the diameter of elements with
a circular cross-sectional shape) at a known distance
between them.

— the spacing of the anti-landslide restraining struc-
tures elements with a rectangular cross-sectional shape
(or the diameter of elements with a circular cross-sec-
tional shape) at a known distance between them.
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Basic material and results

Equalities (1) - (6) analyzing.

From equality (1) it follows that the distance between
the restraining elements is measured in unit fractions,
which is not correct. In addition, there is not presented
the intersection parameters of the restraining structure
in this formula. Therefore, this dependence will not be
considered in the future.

From equality (2) it follows that when the specific co-
hesion is equal to zero (i.e. for absolutely loose soil),
the distance between the elements of the containing
structure can be nonzero. This contradicts experimental
data and modern concepts of the behavior under a load
of ideally loose soils. Therefore, this dependence will
not be considered in further research.

Determining the diameter of the circular cross-section
or the width of the rectangular element cross-section of
the restraining structure, the equalities (3) - (6) concern-
ing the parameter "D" were solved. In this case, the fol-
lowing is presented:

— for the N.N. Maslov solution (original formula (3)):

b-E
= . 7
com-H'’ @)
— for the R. Hill solution (original formula (4)):
b-E
- ®)
c-2+m)-H

— for the S.I. Matsiy solution (original formula (5)):

D= - 0.65; . bE :
e H—
N w 9)
9.c-H
- for the R. E. Hennes solution (original formula (6)):
b-E,,
o 10
2 c-m- H (10)

Analysis of formulas (3) - (10), which have a physical
meaning, allowed us to conclude that they do not in-
clude such an important characteristic as the angle of
internal friction.

The following research materials are aimed at solving
this contradiction.

The research task was the basis for its solution, the
assumptions were formulated as follows:

— upon the destruction of the soil massif interacting
with the discrete retaining structure, an arch of a fall of
unit thickness is formed, directed by its convex part to-
wards the shear displacement vector. For the sake of
simplicity, take it as a pointed arch (see. design scheme
in Fig. 1);

— auniformly distributed load q is applied to the arch,
which is numerically equal to the ratio of the landslide
pressure E,, to the thickness of the soil layer H

(ie g =2 see Fig. 1)
ie g =——; see Fig. 1);
q H g

It was assumed that the destruction of the soil be-
tween the elements of the discrete restraining structure
(in the diagram, this soil is indicated in yellow) occurs
in the center of the arch span.

— the arches support rest on adjacent elements of the
discrete restraining structure. In this case, horizontal R;,
and vertical R, reactions occur;

— the rock destruction mechanism is displacement.
Therefore, its fracture behavior obeys the Coulomb-
Mohr strength condition [8, 9]:

0,03

= sin(p)
o, +o0y,+2-c-ct
1 3 2(9) (11)
o, >0, > 03
where o1, o, o3 are principal normal stresses;

@ 1is an angle of internal friction;
¢ is a specific cohesion.

| ! q=Eop/H i

{UGGGGUUGG?

R

[ Restraining
structures | :
i]

Figure 1 — Scheme for calculating the diameters
of discrete restraining structures elements
and the distances between them

— strength characteristics of the soil are known (its
specific cohesion ¢ and the angle of internal friction ¢).

— known as either the element spacing of the anti-
landslide restraining structure or the cross-section di-
ameter of the element restraining structure of a circle
shape or the smaller side of the rectangular cross-sec-
tion shape.

— when the soil is destroyed between the restraining
structure elements, a fallen arch with a lifting arrow f
is formed.

Within the framework of the Coulomb-Mohr strength
criterion, it is necessary to determine:

— the section diameter D, to a known element spacing
of the anti-landslide restraining structure .

— the element spacing of the anti-landslide restraining
structure b, to a known cross-section diameter of the re-
straining structure element D.

The algorithm for determining the diameter (in the
case of a circular cross-section) or the smaller side (in
the case of a rectangular cross-section) of anti-landslide
restraining structures with a known distance between
them is shown below:
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Vertical R, and horizontal R; reactions in the arch
abutment are equal:

R =40l
2
_2
ha‘g[}; (12)
E
_ Zop
9=—7

The following stresses effect the contact between the
displacement and the restraining structure surface:
— directed against the shear, is numerically equal to:

R, q-b

== 13
D 2D (13)

— directed parallel to the line along which the restrain-
ing structures are placed, is numerically equal to:

R b’
op, = =27 (14)
D 8- f-D
— vertical, numerically equal to:
o,=y -z, (15)

Of the stresses considered, the largest is the stress due
to the vertical reaction R, at the arch abutment, and the
smallest stress is zero. This is due to the fact that hori-
zontal reactions in adjacent arch abutments cancel each
other out. In connection with the above, we have:
0] =0pg = & = ﬂ 5

v D 2-D
o,=0

(16)

After, substituting the principal stresses (16) into
the Coulomb-Mohr strength criterion (11) and solving
the equality obtained in this way concerning the diam-
eter of the restraining structure element D:

q-b 1-sin(p)

D=1".
cos(p)

4.-c (17)

The equality (17) allows you to determine the safe
distance between the restraining elements. It is equal to:
_4-c-D  cos(p)

b - .
q 1 —sin(e)

(18)

Equalities (17) and (18) make it possible to deter-
mine the diameters of the anti-landslide discrete re-
straining structure elements for a soil layer of unit
thickness. Taking into account the entire thickness of
the sliding soil massif, use in (17) and (18) is

op .

H

po Lo b 1-sin(p)

4.c-H cos(p) (19)
b_4-c-D-H_ cos(p)
E,, 1 —sin(¢)

The formulas' (19) disadvantage is that they can only
be applied to homogeneous bases. To eliminate this
drawback, replace their strength characteristics with the
weighted average values ¢ and ¢ . In this case, equal-

ities (19) take the form:

_ Eop b ) l—sin((o)
4.¢c-H cos(p)
b:4~c-D-H. cos.((o) 20)
E,, 1 —sin(g)
by 29 h
c= i=1 ;—: i=1
w7

where ¢; , ¢ — strength characteristics i-th soil layer
with a thickness /4; and soil layers number m.

In general, it was concluded that the obtained formu-
las allow to determine the diameter and elements' spac-
ing of anti-landslide restraining discrete structures.

In this case, the obtained dependences are free from
internal contradictions given in formulas (1) - (10).

These data are very important in the calculation and
design of discrete restraining structures.

Conclusions

In the course of this article, analytical dependencies
were obtained that allow calculating the step of placing
discrete anti-landslide restraining structures with a
known diameter and contrariwise, the diameter (or the
cross-section width) of discrete anti-landslide restrain-
ing structures with a known step of their placement.

The obtained simple analytical data can also be used
as preliminary data for performing calculations using
modern software systems for soil and material equally.
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The project is devoted to the determination of insolation conditions and the choice of optimal orientation of residential build-
ings, considering the latitude of the terrain of Poltava. Presently, there is a change from construction according to standard
designs to individual design and the process of consolidation of residential construction in cities continues by new construction
in the historic built-up areas. Compacting and increasing the number of floors inevitably worsens insolation in the living rooms
of existing houses due to the additional shading of their windows, which leads to a decrease in the duration of insolation. The
factor of rational planning of the territory and the optimal orientation of the house on the cardinal points, the correct choice of
floors and configuration in the plan get special significance.

Keywords: duration of insolation, optimal orientation of the residential building, insolation ruler.

BusnaueHHsi yMOB iHCOJIsILiT TA BUOIp
ONTUMAJILHOI OPIEHTALI )KUTJIOBUX OyIMHKIB

I0pin O.1.!, Buryn A.JO.?*, I'agincbka T.A.’, ABpamenko 10.0.*

1234 Hanionansnuii yriBepcuteT «IlonTasebka nomitexHika iMeri IOpis Konapatioka»
*Anpeca s muctyBanHsa E-mail: alinazygun@gmail.com

BukonaHHs caHITapHO-TITi€HIYHUX BEMOT IIPH NPOESKTYBAHHI XKUTIA 3IHCHIOETHCS BIAMIOBITHO JI0 YMOB (i3uko-reorpadiu-
HOTO paifoHyBaHHS TepHuTopil YKpaiHu i BKIO4ae y cebe BUMOTH O iHCOJSAIII, IPUPOAHOTO OCBITICHHS, IPOBITPIOBAHHS,
ioHI3amii Ta MIKPOKJIIMaTy NMPUMIIIEHb KATIOBUX OyANHKIB. PoboTa npucBsueHa BU3HAUCHHIO YMOB iHCOJIALIT Ta BUOOPY OII-
TUMAaJIbHOT Opi€HTALIT )KUTIOBUX OYAMHKIB 3 ypaxyBaHHIM LIMPOTH MiciieBocTi M. [TontaBa. Ha croromuiniHiii uac BinOyBa-
€ThCsI IIepexi] BiJ OyAiBHULTBA 32 TUIIOBUMH NPOEKTaMH J0 iHANBIAYalbHOTO MPOSKTYBAHHS Ta TPUBAE MPOLIEC YUIITIbHEHHS
JKHUTIIOBOT 3a0yI0BH y MicTax LIISIXOM HOBOTO OyaiBHHUIITBA B icTOpU4HO chopmoBaniii 3a0ynoBi. [Ipu po3mirieHHi HOBOro
OyniBHMITBA B iCHYIOUiit 320y 0B cij 3a0€3MeUNTH JOTPUMAaHHS BUMOT YHHHUX HOPMATHBHHUX JOKYMEHTIB II00 iHCOJISLII.
HasiBHICTS IPUPOIHOTO CBITIIA B OCENI € BAXKINBUM ITapaMeTpoM, J0Ope iHCONbOBaHI OyAWHKH Ta KBapTHPH KOPUCTYIOTHCS
TIOIIUTOM. YIIUIBHCHHS i 301IbIICHHS ITOBEPXOBOCTI 3a0yIOBH HEMHHYYE IOTIPIIy€e iHCONAIIIO B KUTIOBHUX NPHUMIIMICHHIX
ICHYIOUHX OyIUHKIB 4epe3 I0JaTKOBE 3aTIHEHHS IX BIKOH, 1[0 IPU3BOJUTSH JI0 3MEHIIECHHS TpUBaIoCTi iHcomsii. Tpuamicts
IHCOJINIT IPUMILIEHHS 3QJISKHUTH Bil Opi€HTaMii BIKOH IO CTOPOHAM CBIiTY, PO3MipiB, TOBIHMHH OTOPOIXKYBaJIbHUX KOHCTPYK-
wiif i Bizcraui Bin OyxiBenb, po3TammoBaHux moouu3y. Ciix 3a3Ha4uTH, 10 HA TPUBANICT (HASIBHICTD) IHCOJILIT BIUIUBAIOTh
TaKOX IHIII apXiTeKTypHO-IUIAHYBaJIbHI €IEMEHTH Oy/iBenb: OANKOHH, KapHHU3H, JIOMXKII, 1110 3aTiHsI0Th BikHA. ByiBenbHi
HOPMH 1 TpaBuIIa JUIsl )KUTIOBHUX MPHUMILICHb PETIaMEHTYIOTh TPUBAIICTh IHCOIILIT Ta KiIbKICTh KIMHAT Y KBapTHPI, Y SKHX
Mae Oyt 3abe3nedeHa HOPMAaTHBHA TPUBATICTH IHCOJLIT. YMOBH i yac iHCOIALIT npuMiLeHs B YKpaiHi BCTAHOBIIOIOTHCS
CaniTapHAMH HOPMaMH i TIpaBIJIaMHU 1HCOJIAMI, 8 TAKOXK BIATIOBITHUMH THIIOJOTIYHMME OyIiBeIbHUMU HOpMaMu i IpaBu-
namu. Oco6nmBoro 3HaYeHHS Ha0yBae (paKTOp PALiOHATEHOTO IUIAHYBAaHHS TEPUTOPIl i ONTHMabHOI OpieHTanii OyauHKY 3a
CTOPOHAMH CBITY, IPaBIJILHUH BUOIp ITOBEPXOBOCTI Ta KOHDIrypamnii y riasi.

KurouoBi ciioBa: TpuBasicth iHCOJIAIIT, ONTHMaNIbHA OPIEHTALLISI )KUTIOBOTO OYAUHKY, IHCOMALIMHA TiHiHKa.
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Introduction

Insolation of rooms along with their illumination,
temperature-humidity, and noise conditions play a sig-
nificant role in ensuring a comfortable mode of living.

Insolation regulation and calculation is the most acute
lighting, economic and socio-legal problem, because
these calculations restrain the desire of investors, land-
holders and tenants to overdensify urban development.

Review of the research sources and publications

Insolation in residential buildings should primarily
take into account the requirements of national sanitary
legislation, which is based on the study of natural and
climatic conditions of different regions of Ukraine, to
create the necessary living conditions and public health
[1-3].

The determination process begins with the develop-
ment of space-planning solutions for the new building.
Then an insolation calculation is made using a solar
map or an insolation ruler [4, 5, 6].

Issues of insolation rationing were dealt with by Du-
naev B. A., Vernesku D., Zemtsov V. A., Skryl LN.,
Haharin V. H., Pidhornyi O.L., Yehorchenkov V.O.,
Elahin B.T., Sergeychuk O., Martynov V. The results
of their research are presented in the works [7-40].

Definition of unsolved aspects of the problem

Design of residential building standards do not allow
apartments where all rooms orientation to the north side
of building. Rooms with windows on the north facade
of houses in cold weather are not insolated at all, and in
summer they receive some morning and evening "slid-
ing" sunlight, which almost does not enter to the room.

However, there is often a breach of insolation stand-
ards due to the orientation of the facades of houses to
the north-west and north-east in urban planning prac-
tice (such situations are found when it is necessary to
consider the existing road network), and when the in-
sufficient distance is between the houses.

Therefore, the choice of optimal orientation of the
house on the cardinal points is quite relevant task.

Problem statement

The purpose of the work is to research the insolation
of the rooms of a residential house.

Tasks of research are:

- analysis of insolation conditions in the rooms of a
residential building with different orientation to the car-
dinal points;

- choosing the optimal orientation for the house.

Basic material and results

Insolation is an important health factor, so the stand-
ards of insolation must be satisfied in the rooms of res-
idential and public buildings and in the area of residen-
tial development. The optimal effectiveness of insola-
tion is achieved by providing a daily continuous 2.5-3-
hour exposure to direct sunlight to premises and terri-
tories. Insolation provides a health-improving, psycho-
physiological, bactericidal, thermal effect. The normal-
ization is conducted in the spring and autumn period of

the year, taking into account the light and climate char-
acteristics of different areas of the country and the char-
acteristics of the building. The requirements of the
standards are achieved by the appropriate placement,
orientation and layout of the buildings.

The standardized duration of insolation should be
provided not less than in one living room of 1-, 2-, 3-
room apartments and not less than in two living rooms
of 4- to 5-room apartments. In multistory buildings (9
or more floors) allowed a single interruption of insola-
tion of residential and public buildings (except as listed
above) on condition of increasing the total duration of
insolation during the day by 0.5 hours respectively for
each zone.

Limitation of the excessive thermal effect of insola-
tion in rooms and areas during the hot season should be
ensured by appropriate planning and orientation of
buildings, landscaping, using sun protection devices,
and, if necessary, air conditioning and indoor cooling
systems. Limiting the thermal effects of insolation ar-
eas should be provided by shading from buildings, spe-
cial shading devices, and rational landscaping.

The year-round shading of the facades of buildings
and residential areas is not allowed. Mid-year shadows
(from September 22 to March 22) shall not exceed 40%
of the total area of the housing areas free from housing
development.

The duration of insolation of the room is calculated
on the ground floor of the building through the central
point of the lighting penetration, the dimensions of
which meet the requirements of the norms of natural
lighting of the premises. It is necessary to keep in mind
the location and size of the building elements shading
the lighting penetrations (shading houses, canopies,
balconies, loggias, porticos, shutters, etc.).

Calculation of the duration of insolation is made for
the premises in which it is normalized in accordance
with the requirements of the norms [2,3].

During the analysis of insolation norms in multistory
residential buildings, if apartments located under each
other have the same layout on all floors, the calculated
apartments are taken on the lowest residential floor.
The duration of insolation on all other floors of the cor-
responding rooms will not be less.

If the ground floor has apartments with the same lay-
out and orientation, the calculation of the duration of
insolation of these apartments is advisable to start with
the apartment that is most shaded by the opposite build-
ings and the relief of the area (in the absence of a shad-
ing building). If this apartment meets the standards, all
other similar apartments will have a satisfactory insola-
tion regime.

It is advisable to start calculating the duration of in-
solation with the living room that has the best insolation
conditions in multi-room apartments according to the
following attributes:

— favorable orientation;

— absence of summer facilities;

— the largest geometric dimensions of a window;

— the longest distance from neighboring houses.

88 Academic journal. Industrial Machine Building, Civil Engineering. — 1 (56)’ 2021



If the insolation standards are met in this room, and
the apartment consists of at most three living rooms, the
insolation standards are also met for the apartment as a
whole. It is necessary to check insolation of the next
room according to the probability of meeting the stand-
ards for 4-, 5-room apartments, and checking of two
rooms for apartments consisting of six or more rooms.

The degree of suitability of window orientation for
insolation conditions is determined (Fig. 1), depending
on the requirements for insolation mode of the prem-
ises.

It is advisable to calculate using an insolation ruler for
calculating the duration of insolation of the territory of
residential buildings.

Figure 1 — Insolation characteristics of the horizon
sectors on the territory of Ukraine.
A — insolation deficiency sector;
B — overheating sector
(for IIT and IV building-climatic regions);
C — sector of highest effect of ultraviolet radiation

Ukraine uses insolation rulers constructed for each
whole degree from 45° to 52° north latitude. The near-
est insolation ruler, depending on the geographic lati-
tude, is taken for a particular calculation site. The scale
of the insolation ruler should coincide with the scale of
the general plan.

Calculation of the duration of insolation with the in-
solation ruler is performed in this sequence:

- the horizontal angle of insolation is determined o:
in calculating the duration of insolation of the room —
is on the plan of the room, considering the vertical
screening elements of the lighting aperture (Fig. 2), in
calculating the duration of insolation of the territory
a=180°

- insolation ruler is oriented on the sides of the hori-
zon according to the orientation of the general plan and
aligned in such a way that the pole of the graph (the
point where the sun's rays coincide), coincides with cal-
culation point;

- the sectors of shading by the opposite buildings and
the surface of the terrain are defined within the horizon-
tal angle of insolation;

- the calculated duration of insolation is determined
from 7% to 17% as the difference between the duration

of insolation within the horizontal angle of insolation
and the duration of shading by opposite houses and re-
lief.

Figure 2 — Determination of the horizontal angle
of insolation in rectangular windows

The method using the insolation ruler is used in the
following calculations to calculate the duration of inso-
lation of the premises for two days of the year, which is
March 22 and September 22. Complying with regula-
tory requirements on these days usually guarantees
their fulfillment throughout the entire calculation pe-
riod.

A group of radial lines is conducted, an insolation
graph is constructed using an additional graph, taking
into account the latitude of Poltava (Fig. 3).

We used the plan of the apartment house with dimen-
sions in the axes 16,2*32,1 m to perform the calcula-
tions.

The structural plan of the building is designed rigid,
with longitudinal load-bearing and transverse non-
bearing walls throughout the height of the building.
There are three two-bedroom apartments and one three-
bedroom apartment on each floor (Fig. 4). The apart-
ments include loggias.

The first calculation of the insolation of the rooms was
performed with the longitudinal axis of the house in the
direction of North-South (Fig 5.).

As the location of the rooms relative to the longitudi-
nal axis of the house in the direction of the world and
the size of the window openings in the rooms of differ-
ent apartments are the same, so it is possible to deter-
mine the duration of insolation for only one case.

Apartment No2.

If the house is located with its longitudinal axis in the
North-South direction, the insolation duration will be: -
in room Ne3 of apartment Ne2 is the same as in room
Ne2 of apartment Nel;

- in room Ne4 of apartment Ne2 is the same as in room
Nel of apartment Nel.
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Insolation chart (days of the equinox)
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Figure 4 — Calculation scheme of the house. 1-9 — numbers of rooms, which can be calculated

Apartment Ne4.
If the house is located with its longitudinal axis in the
North-South direction, the insolation duration will be: -
in room Ne8 of apartment Ne4 is the same as in room
Ne6 of apartment Ne3;

- in room Ne9 of apartment Ne4 is the same as in room
Ne5 of apartment Ne3.
The results of the calculations are summarized in Ta-

ble 1.

Table 1 — Duration of insolation of the rooms of the house from North-South direction

Ne of the Ne Beginning of in- End of insola- | Duration of in- Fulfillment of Fulfillment of the
apart- room solation tion solation, hour. | standards for in- standards for inso-
ment solation of the lation of the apart-

room ment
. 1 13h15m 17 h 00 m 3h45m N
2 12h 38 m 17 h 00 m 4h22m +
5 3 12h 38 m 17 h 00 m 4h22m + .
4 I13h15m 17h 00 m 3h45m +
5 7h 00 m 10 h28 m 3h28m +
6 7h 00 m 11h21m 4h21m +
3 7h00m 8h2m . N
10 h 45 Py
7 7h00m f E m ; 5h20 m. +
S 12020 | «
7h 00 m —
m
4 7h 00 m 11h21 m. 4h21m N
9 7h 00 m 10 h28 m 3h28m
Duration of insolation in the rooms of the house (per floor) 37h 12 m
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Figure 5 — Determining the duration of insolation in:
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a) room Nel of apartment Nel; b) room Ne2 of apartment Nel; ¢) room Ne6 of apartment Ne3;
d) room Ne5 of apartment Ne3; e) room Ne7(window Nel) of apartment Ne3;
f) room Ne7(window Ne2) of apartment Ne3; g) room Ne7(window Ne3) of apartment Ne3

30ipHUK HAyKOBHX Tipallb. [ amy3eBe MammHoOyyBaHHs, OyaiBHHITBO. — 1 (56)° 2021

91



\

A\
\ =\
Y
TR
L
B
\

\
\
\
S

Figure 6 — Rooms where insolation standards are not met depending on the rotation
of the longitudinal axis of the house from North-South direction:
a) by 60°; b) by 90°; ¢) by 120°; d) by 150° ¢) by 240°; f) by 270°; g) by 300°
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The insulation standards for all apartments are com-
plied when the longitudinal axis of buildings is oriented
in the North-South direction.

Similarly, we calculate the insolation of the rooms
when the longitudinal axis of the house is turned by
30°, 60°,90°, 120°,150°, 180°, 210°, 240°, 270°,
300° and 330° from North-South direction.

The norms of insolation are not met in apartments
when the longitudinal axis of the house is turned by
60°,90°, 120°, 150°,240°, 270° and 300° (Fig. 6).

The choice of the optimal orientation of the residen-
tial building was made according to the following indi-
cators:

- the value of total insolation of apartments in a resi-
dential building (per typical floor) (Fig. 7);

- the number of rooms where the insolation require-
ments are met (Fig. 8);

- the number of rooms where the insolation require-
ments are met (Fig. 9);

- the number of rooms where the insolation require-
ments are met (Fig.10).

Table 2 summarizes the indicators shown in the
graphs of Figures 7 - 10.

45,67

Insolation, hours

0 30 60 90 120

150 180 210 240 270 300 330

Tum from the direction N-S, degrees

Figure 7 — Cumulative insolation of apartments depending on the rotation
of the longitudinal axis of the house from North-South direction
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9 4

Number of rooms
w
.

0 30 60 90 120

150 180 210 240 270 300 330
Tum from the direction N-S, degrees

Figure 8 — Number of rooms where insolation requirements are met depending
on the rotation of the longitudinal axis of the house from North-South direction
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Figure 9 — Number of rooms where insolation occurs depending on the rotation
of the longitudinal axis of the house from North-South direction
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Figure 10 — Number of apartments where insolation requirements are met depending
on the rotation of the longitudinal axis of the house from North-South direction

Table 2 — Duration of insolation of the rooms of the house from North-South direction

Name of parameter

The value of the indicator when the longitudinal axis of the house is
turned from North-South direction by

0° | 30°| 60°|90° | 120° | 150° | 180° | 210° | 240 | 270° | 300° | 330°
Cumulgtlve 1gsolat}on of apart- 7 6 ) 1 3 4 5 3 12 9 11 10
ments in a residential building
Number Qf rooms where insola- 1 1 3 3 3 ’ 1 1 ’ 4 4 3
tion requirements are met
Number of rooms where insola- 1 1 1 ) 1 1 1 1 1 3 5 1
tion occurs
Number of apar“cments where in- 1 1 3 3 3 1 1 1 ’ 3 3 )
solation requirements are met
Sum of the indicators 10 | 9 9 9 10 8 8 11 17 | 17 20 16
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Conclusions

The total insolation in all rooms of the house (per typ-
ical floor) is greatest when the longitudinal axis of the
house is turned from North-South direction by 90° and
60°.

The biggest number of rooms that meet the require-
ments of insolation when the longitudinal axis of the
house is turned from North-South direction by 0°, 30°,
180° and 210°.

The biggest number of rooms where insolation occurs
when the longitudinal axis of the house is turned from
North-South direction by 0°, 30°, 60°, 120°, 150°, 180°,
210°, 240°,150°, 210° and 330°.

Insolation requirements in one of the apartments are
not satisfied when the longitudinal axis of the house is
turned from North-South direction by 60°,90°, 120°,
270°,300°,330°.

According to the sum of all indicators, the worst ori-
entation is when the longitudinal axis of the house is
returned from North-South direction by 300°.

The smallest sum of indicators when the longitudinal
axis of the house is turned by 180° from the direction
of North-South, as seen in Table 2, is the optimal ori-
entation of the residential building.
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InTeieKkTya/IbHA BJACHICTH B O0y1iBHMUTBI
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VY crarTi po3rIsiHYTO €KOHOMIYHHHN MiIXi/] OLIHKY IPaB Ha iHTENEKTYa bHY BIACHICTD, KM BU3HAYAETHCSI KOHKPETHUMH KO-
MepUiHUMH iHTepecaMH Cy0'eKTiB pUHKOBOI eKOHOMIKH. JIoBeIeHO, 1110 MOKYIIELb, KyIyIO4H [IpaBa BIACHOCTI HA Pe3yJIbTaTH
IHTEJICKTYaIbHOI AiSUIBHOCTI, HOBUHEH, MEPILI 32 BCE, BUXOIUTH 3 BJIACHUX KOHKPETHHUX MOXKJIMBOCTEH BUKOPHUCTAHHS IIUX pe-
3yJIbTaTIB 3 MPUOYTKOM. [linTBep/KEeHO, IO B JaHMIT 9ac KIIOYOBHM (haKTOPOM PO3BHTKY €KOHOMIKH € iHTEIEKTyalbHi pecy-
pcu - 3HaHHA Ta iH(opMaia. [IpoBeneHo aHami3 icHylouux Kiacugikaniii CKIagoBUX IHTEIEKTYyalIbHOI BIACHOCTI OyIiBHUI-
TBa. PO3KPHUTO OCHOBHI MiZIXOJM 10 BU3HAYCHHS MOHSITTS «IHTEICKTyallbHa BIAaCHICTh». OIMICaHO MiCIie Ta POJIb iHTEICKTYa-
JIBHOT BIIACHOCTI y AisUTbHOCTI Cy0’exTiB OyaiBHMITBA. MeTa CTATTi MoJisirajia B KOMIUIGKCHOMY aHaJli3i Micis i posi iHTesek-
TyaJIbHOT BIIACHOCTI B KOHLETLT EKOHOMIYHOT CTIHKOCTI OyAiBeIbHUX MiANPUEMCTB, a TAKOXK BHUSBJICHHS HABaXIMBILINX Ha-
HPSIMKIB 1 MPAaKTUYHHUX 3aXO0/IB 100 aKTHBI3allii POIIECiB BAKOPUCTAHHS IHTEJICKTyaIbHOT BIaCHOCTI B 1X AisttbHOCTI. Jlocs-
THEHHSI METH BUPIIIYBAJIOCS METOAAMH TEOPETHYHHX AOCITI/PKEHb IIOJ0 MUTAHb IHTEJICKTYaJbHOI BIACHOCTI OYAiBENBHOT
cdepu; HOCTIPKEHHSIM iHHOBaIiN B 001acTi Teopii i npakTuku OyaiBespHOro BUpoOHUITBA. [Ipolec 3aTBepHKeHHS iHTEeK-
TyaJbHOT BIIACHOCTI B YKpaiHCHKOMY IIPABOBOMY II0JIi i HA PUHKY - AyXKe CKJIaJHHUI i CylepewIMBHil Iporiec, 0COOIMBO SKIIO
MOBa ¥iJie Ipo OyAIBHHIITBO, ¢ OCHOBHUM JKEpETIOM NPUOYTKY € MaTepiaibHe BUPOOHUITBO, a He iHIII Ail 3 IKUMH O TO He
Oy110 00'ekTaMu iHTENIEKTyanbHOI BiacHOCTI. J{J1s miaBuILeHHs eheKTHBHOCTI OyiBeIbHOrO BUPOOHHUIITBA B IIEPCIEKTHBI, IS
TIOJIIICHHS! €eKOHOMIYHUX ITOKa3HUKIB IiSUIBHOCTI Oy/iBEIEHHUX MiANPHUEMCTB 1 IJIS TOCSTHEHHS MaKCUMAIBHOTO NPHUOYTKY,
HEeOoOXiJJHO BUIITYKYBaTH HOBI JpKepea, SKUMH MOXKYTb 1 TIOBHHHI CTaTH 00'€KTH IHTEIEKTYaIbHOI BIACHOCTI Ta IIpaBa KOpHUC-
TYBAaHHS HUMH.

KurouoBi ciioBa: OymiBHULTBO, iHTEIEKTyaIbHA BIACHICTh, HEMATepialbHi aKTHBH
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Introduction

In the context of the economic development of the
country or its individual industries, the scale and qual-
ity level of intellectual property become the most im-
portant indicators of the durability of market positions
both at the state level and at the regional level and at
the level of individual enterprises and organizations.

Intellectual property as a new phenomenon requires
qualitatively different views and approaches than de-
veloped in the previous historical and economic period.
It is possible that in today's conditions, unfamiliar in-
novative thinking has not fitted into the usual, tradi-
tional concepts and schemes yet.

The solution to this problem requires multilateral re-
search, first of all, a theoretical understanding of eco-
nomic and legal concepts and categories of intellectual
property, as well as practical developments in the field
of commercial and economic use of intellectual prop-
erty in order to increase the profitability of construction
enterprises.

Review of research sources and publications

Economics has made a significant contribution to the
study of intellectual problems in the days of command-
and-control principles of management, but from the
point of view of political economy. A significant place
in the development of these problems belongs to such
scientists as Anchishkin A., Elmeev V., Shcherba-
kov A., Shishkov G., Voychinsky A., Yudelevich M.,
Zavlin P. and others.

Research in this direction was carried out in the works
of Kekukh B., Kolyada N., Korchagin A., Kozyrev A.,
Nikonov A., Novoseltsev O., Oleynikov S., Orekhov A.,
Polyakova S., Yakutin Y., Yurieva T. and others.

Definition of unsolved aspects of the problem

In our opinion, in the modern economic literature
there are not enough publications devoted to the defini-
tion of the place of intellectual property in enterprises
in the implementation of the concept of its commercial
and domestic use. There is almost no work on the issues
of alternative use of intellectual property in the activi-
ties of construction companies in order to increase prof-
itability and profitability indicators.

Objective of the work and research methods

The purpose of the article is a comprehensive analysis
of the place and role of intellectual property in the con-
cept of economic sustainability of construction enter-
prises, as well as identifying the most important direc-
tions and practical measures to enhance the use of in-
tellectual property in their activities.

The goal was achieved by the following methods:

— theoretical research on intellectual property in the
construction sector;

— research of innovations in the field of theory and
practice of construction production.

Basic material and results

Intellectual property is the result of the intellectual,
creative activity of one person (author, performer, in-
ventor, etc.) or several people [1].

Intellectual property in the system of economic activ-
ity acquires the status of intangible assets. It accompa-
nies investment and innovation activities. Objects of in-
tellectual property rights in economic activity are assets
that have the appropriate characteristics, and, above all,
the price (value). Their use should be considered from
the standpoint of economics, investment, pricing, and
accounting.

All over the world, the processes of incorporation of
intellectual property into economic circulation have
been going very rapidly lately. In fact, we are talking
about unaccounted funds of enterprises. On the one
hand, they are not taxed, and it becomes possible to dis-
pose of property without the consent of the owner, and
on the other hand, an enterprise that does not amortize
its intellectual property overpays income taxes. There-
fore, the corresponding development funds are not
formed. Moreover, it thereby unwittingly refuses the
additional income received as a result of the transfer of
rights to use intellectual property objects on the basis
of licensing agreements and other transactions. There-
fore, the belief in the uselessness of including intellec-
tual property objects in the property complex of an en-
terprise is today a serious mistake. In addition, if an en-
terprise uses an intellectual property object in its activ-
ities, then, according to the legislation, it must be re-
flected in the enterprise's reporting documents. Other-
wise, the use of this intellectual property object is con-
sidered illegal [11, 15].

Today, one of the decisive conditions for the devel-
opment of the construction market and the growth of
construction production is the ever-expanding range of
technological processes, which is based on a great va-
riety of modern building materials and means of mech-
anization.

The steady trend of improving existing and creating
new technologies is characterized by a focus on achiev-
ing the requirements of creating competitive products.
The release of such products can be customized only on
the basis of the latest technological solutions and with
the use of intellectual property objects.

In the scientific literature, there are significant differ-
ences in approaches to the composition of intellectual
property objects. Nowadays, there is no unified system
in the formation of intellectual property objects, which
negatively affects not only the practice of their use in
the activities of individuals and legal entities, including
in not only the assessment of business, but also in un-
derstanding the possibilities of protection, including
from unfair competition [13].

We have identified the most acceptable and most fre-
quently used objects of intellectual property in con-
struction (Fig. 1):
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Licenses for the right
to use technologies

Trademark licenses

Figure 1 — Objects of intellectual property
in construction

The acquisition of intangible assets is carried out un-
der a license agreement on the transfer of rights to use
the subject of the license and the relevant conditions
specified in the license agreement. Trading in licenses
is the implementation of trade agreements under which
the seller (licensor) grants the buyer (licensee) the right
(license) to use an intangible asset (subject of the li-
cense) on the terms of the license agreement, as well as
to carry out operations in the secondary market for in-
tangible assets.

It should be borne in mind when assessing the value
of objects of intellectual property rights, only valid ti-
tles of protection (patents, certificates, etc.) and license
agreements (contracts) are taken into account, consid-
ering the annexes to them, which determine the value
of such objects [3].

We came to the conclusion that the decision on the
advisability of creating and introducing intellectual
property objects into the production and economic ac-
tivities of construction enterprises should be made on
the basis of the economic effect, determined in accord-
ance with the annual production of construction prod-
ucts.

We believe that it is necessary and sufficient for con-
struction companies to calculate the effect of the use of
new technology on the following three options:

— calculation of the annual economic effect from the
use of new technology;

— calculation of the annual economic effect from the
introduction of new technology based on the rationali-
zation proposal;

— determination of the profit received from the use of
new technology in the production process.

If we are talking about the trademark of the enter-
prise, in this case a simple analysis of the cash flows of
revenue and profits obtained using this trademark is
sufficient.

The inclusion of intellectual capital in the economic
circulation depends on the goals pursued by each enter-
prise:

— if the enterprise needs to generate a significant
amount of authorized capital without diversion of
funds, it is necessary to use the first case (contribution
to the authorized capital);

— if the company plans to obtain a loan, loan, loan and
it needs to increase profitability, profitability and effi-
ciency, you should use the second case (voluntary con-
veyance);

— if the main task of the enterprise is to put on the
balance of intellectual property with the subsequent re-
ceipt of income from the sale of licenses for the right to
use these objects to other individuals or legal entities,
then the enterprise puts the intellectual property on the
balance sheet at cost (as an object created within the
enterprise itself) [12].

Legal regulation of intellectual property is an im-
portant area of development of the Ukraine legal sys-
tem in modern conditions. Intellectual property is a new
phenomenon of public life. And the future of the coun-
try largely depends on how it will develop, including
what its legal support and legal status of a creative per-
son will be.

The construction process begins with design. Often,
during the implementation of development projects be-
tween customers and developers of the construction
project, there are disputes concerning the observance
and protection of copyright. Sometimes customers vio-
late the rights of the developer of an architectural pro-
ject, illegally using or otherwise violating the rights of
the author, and sometimes, on the contrary, the authors
abuse their position, demanding that customers pay ad-
ditional fees. Such issues can be avoided with a proper
elaboration of the terms of the project development
contract [14,16].

Architectural activity is a complex conglomeration of
numerous processes, including the creation of an archi-
tectural project, the development of design, and work-
ing documentation, the ultimate goal of which is to cre-
ate an architectural object in the form of buildings,
structures, etc. However, only some of these processes
are subject to legal protection of copyright. Judicial and
arbitration practice clarified that the object of legal pro-
tection is not all project documentation on the creation
of a real estate object, but only its architectural part, as
the embodiment of the author's creative idea [2].

There is a state system for the legal protection of in-
tellectual property.

A system is a set of elements that have characteristic
features, parameters, and spatial structure that ensure
the achievement of a single revenge or function.
The structure of the system can be represented as a
graph. The subsystem in turn can be a system that con-
sists of a set of its elements (Fig. 2).
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Figure 2. The state system structure
of intellectual property legal protection [4]

The analysis of Western experience in the valuation
of intangible assets showed that a promising direction
for assessing the business of companies is a concept
based on the use of the theory of the optimal portfolio
of exclusive rights. It is the assessment of the entire set
of intellectual property of companies, and not of indi-
vidual objects linked into a single optimal portfolio,
that will make it possible to effectively use intangible
assets to manage business in a company, as well as to
control more significant shares of world technology
markets.

Modern business actually has three types of capital:
financial, physical and intellectual. Each of the three
capitals is often divided into equity and debt. It is inter-
esting to note that not only money, but also tangible and
intangible assets and even temporary personnel can be
used as a loan.

First of all, in the management system of the enter-
prise, where the dominant role is given to intellectual
capital, the priorities change in favor of working with
staff to find new valuable ideas and increase intellectual
advantages over competitors. In this case, the legal pro-
tection of creative results is mandatory to avoid large
losses in the future.

In the creative potential of enterprise employees it is
necessary to take into account the following character-
istics that determine the level of intellectual capital:

1) the degree of business reputation of the organiza-
tion;

2) qualification and experience of the company's em-
ployees;

3) regular development and introduction of new
achievements of science and technology into produc-
tion;

4) release of original products that are in demand on
the commodity market;

5) the presence in the organization of a structural unit,
the main functions of which should be innovation [8].

Intellectual capital should be understood as accumu-
lated by saving and effectively organizing a fund of
economic benefits in the form of intellectual ad-
vantages that can be converted into money and capital
goods. Intellectual capital is attracted to the economic
and commercial turnover by its owners as the most im-
portant investment resource and factor of production in
order to obtain super-profits.

Its use is based on the principles of market relations
and is associated with factors of time, risk, liquidity and
payback.

It is intellectual capital that sets the pace and nature
of the renewal of production technologies and their
products, which then become the main competitive ad-
vantage in the market. Intellectual capital is not just
good brains and, as a result, good technical and organ-
izational solutions.

This is, first of all, a system of capital sustainable in-
tellectual advantages of a given company or firm in the
market. It is one thing to have these advantages, and
another thing to know how to use them.

Intellectual capital is an intangible asset (IA) of an
enterprise that:

— has no physical substance;

— manifests itself by its economic properties;

— gives rights and privileges to their owner;

— generates income for their owner [7].

In the construction industry, the following main types
of work and activities can be classified as intellectual
capital in general:

— formation of plans for investment programs and lo-
cal decisions;

— all stages of investment activity;

— organization of research and design work;

— analysis of the results of topography and geological
exploration;

— all types of design and engineering work;

— optimization of design solutions;

— development of organizational and technological
solutions for construction;

— organization of material and technical support;

— logistics of transport and supply operations;

— creation of new materials;

— development of new designs and calculation meth-
ods [9].

To substantiate plans for capital investments in con-
struction, it is necessary to perform a large amount of
various intellectual and creative works, the material re-
turn of which can manifest itself only after a significant
period of time and only after the practical implementa-
tion of the plan.

It should be noted that at all stages of construction ac-
tivities there is intellectual capital, the value of which,
depending on the cost of a particular stage, can be
roughly presented as shown in table 1.

Since the costs of the stages are usually known (esti-
mates, bank documents, etc.), it is not difficult to deter-
mine the price of intellectual capital as part of a work
stage. A more difficult task is to determine dividends
for creators of intellectual capital, which may arise dur-
ing the implementation of the project and after the start
of operation of the construction facility. Usually the
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revenue part from the sale of construction projects, in
contrast to industrial goods, arises after many years.

Complex construction projects can be put into opera-
tion for many years (gas and oil pipelines, residential
areas, seaports, highways, railways, etc.). Therefore,
the economic and construction sciences need to de-
velop methods for calculating the cost of intellectual
capital for the main stages and varieties of ways to im-
plement investments in construction.

To use the results of intellectual activity in its activi-
ties, the enterprise must have special rights that differ
significantly from property rights to tangible objects.

Table 1 — The importance of intellectual capital
in the main stages of construction [6]

Share of | Share of
Names of stages of works |intellectual | associated
costs,% costs
(business
trips,
equipment)
1. Development of invest- 70 30

ment programs and validity
of construction plans

2. Organization of research 60 40
and design work, data pro-
cessing of topology and ge-
ological exploration, con-
struction optimization

3. Design work and optimi- 90 10
zation of design solutions

4. Development of organi- 95 5
zational and technological
solutions for construction
5. Organization of material 50 50
and technical support, lo-
gistics of transport and sup-
ply operations

6. Development of new ma- 60 40
terials, structures and cal-
culation methods

The monopoly on the use of the obtained results of
intellectual activity in legal terminology is called the
exclusive right and means that no one has the right to
use an intangible object without the permission of the
owner.

For the successful implementation of the innovation
process, an adequate organization of intellectual prop-
erty management is required, including a mechanism
for the creation and further commercialization of intel-
lectual property.

For the effective development of international ex-
change of technologies in the construction sector, ap-
propriate conditions are needed:

— legal (protection of intellectual property in a foreign
state);

— financial (lending, insurance, improving the effi-
ciency of financial settlement schemes);

— institutional (the presence of international organiza-
tions regulating the international exchange of produc-
tion technologies);

— innovative (improvement of existing technologies
and their subsequent transfer) [10].

The trends in the development of intellectual re-
sources in leading Western firms are associated with
the following key points:

— continuous development and implementation of
new strategies for personnel training in order to deepen
the intellectualization of labor;

— development of the creative abilities of the individ-
ual on the basis of a continuous increase in investment
in human capital;

— expansion of the practice of software cooperation of
companies in the form of joint laboratories or inter-firm
scientific and technical centers, illustrated by the posi-
tive dynamics of indicators such as the number of joint
patents; growth in the scale of corporate patenting and
licensing, including and general on the basis of cooper-
ative interaction: in the field of innovation;

— development of effective strategies [4].

The main problem in the field of intellectual property
is ensuring that the rights of the copyright holder are
respected.

Many countries of the world have managed to achieve
this, and as for Ukraine, we still need to learn a lot from
other developed countries. We have not created such
conditions. This, of course, damages the country's busi-
ness reputation and undermines its credibility, not only
economically, but also politically. Therefore, the state
should pay special attention to this problem and take
effective measures to combat infringers of intellectual
property rights, in particular in the construction sector.

Conclusions

The modern model of the system integrated innova-
tion process, the diversity of intellectual products ne-
cessitate the development of intellectual property rela-
tions and the improvement of their legal regulation.

Today, the problems of economic development and
increasing the profits of construction companies
through the involvement, expert evaluation, legal con-
solidation and use in the turnover of intellectual prop-
erty are relevant.

The perception of intellectual property as one of the
most important categories for Ukraine has not yet taken
place, that is, it has not become the norm. The process
of approval of intellectual property in the Ukrainian le-
gal field and in the market is a very complex and con-
troversial process, especially when it comes to con-
struction, where the main source of income is material
production and no other actions with any intellectual
property.

To increase the efficiency of construction production
in the future, to improve the economic performance of
construction enterprises and to achieve maximum
profit, it is necessary to seek new sources, which can
and should become objects of intellectual property and
the right to use them.
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An attempt to improve the analytical method for determining the criteria for the risk degree in the construction industry was
presented in this paper. The risk management process as a set of actions that is part of the overall business management was
analyzed. Features of systemic occupational safety risk management were identified. The stages of an occupational safety
management system design based on hazard identification were presented. The main objectives of the risk-oriented approach
to ensuring the systems’ reliability based on the acceptable risk concept were formulated. A method for determining the criteria
by which the risk degree of an accident or an injury is assessed, for the possibility of planning supervisory activities at the
enterprise was proposed
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V naniit po6oTi HaBeneHa crpoba YAOCKOHAICHHSI aHATITHIHOTO METOy BU3HAYCHHS KPUTEPIiB CTYIICHs pH3UKY Ha 00’ eKTax
OyniBenbHOI ramy3i. [IpoBeneno anani3 o6cTaBUHY Ta NPUYMHH HEIIIACHUX BUITAJIKiB Ha MiAIpHEMCTBAX OyIiBeIbHOI ramysi ta
BUpPOOHUIITBA OyAiBeNbHUX MaTepianiB. Bu3HaueHo mapaMeTpH Ha sSKMX [MOBHHHA IPYHTYBATHUCS OLiHKA PH3HKIB aBapiii, He-
[IACHUX BUIAJKIB 1 HAA3BUYaWHMX CHTYallill HA MOTEHIIHHO HeOe3rneuHnX 00’ €KTIB, a MOJIEIIIOBAHHSI BIAMOBIAHUX HeOe3meu-
HHX HOJiH Ta cuTyalii, X BIUIMB Ha 310pOB’s HaceseHHs. [IpoaHai30BaHO MPOLIEC YIPABIiHHS PU3UKOM, SIK KOMIUICKC [,
[0 € YaCTHHOIO 3arajbHOro YNpaBliHHA Oi3HecoM. Bu3HaueHO 0COONMBOCTI CHCTEMHOTO YIPaBIHHS PU3UKaMH O€3IEKH
npati. Po3pobieno i HaBeneHO cTafii MpoeKTyBaHH, BIPOBAIKEHHS KOHTPOJIIO 1 KOPETYBaHHS CUCTEMH YIPABIIiHHS Oe3me-
KOIO Iparli Ha OCHOBI ifeHTH(diKalii HeGe3nek, sska 0a3yeThCs HAa PU3UK-OPIEHTOBAHOMY IIJXOJI 1 BIATIOBINA€ Cy9acHUM TCH-
JCHIISIM 1 BUMOraM HopMatuBHOI 6a3u Ykpainu. CHopMynb0BaHO OCHOBHI 3aB/IaHHS PU3UK-OPIEHTOBAHOTO MiX01y 3a0e3re-
YeHHs HaiHHOCTI CKJIAJHUX TEXHIYHUX CHCTEM UIsl O€3MeKH JIFoeH 1 JOBKI/UIA, PO3IIISTHYTO METOM OLIHIOBAHHS CTYICHS
HeOe3MeKH MPOMHCIOBUX 00'€KTIB Ta HAYKOBHUX 3acaj KOHIEILIT TPUHHIATHOTO pU3UKy. BU3HAa4eHO OL[iHOYHMII TOKA3HHUK, 32
SIKUM BUJI eKOHOMIYHOT JisJIbHOCTI Cy0’€KTa rOCIIOIapIOBaHHs 3 MUTaHb OE3MEeKH Mpalli BiTHOCHTHCS 0 OJHOTO 3 TPHOX CTY-
NCHIB PHU3UKY (BHCOKHMii, CepeiHili, He3HAYHHI), a TAKOX PO3IVISIHYTO MHUTAHHS BCTAHOBICHHS IPUHHITHOTO PH3UKY Ha
00’exTax Oy/iBelbHOI ramysi. 3anmpornoHOBAaHO METOANKY BH3HAUCHHS KPHUTEPIiB HA OCHOBI PU3HK-OPIEHTOBAHOI MOJEMI, 3a
SIKUMH OLIHIOETBCSL CTYIiIHb PU3MKY BUHHKHEHHS aBapii a00 HELIACHOTO BHIIAJKY IJIs MOXKJIMBOCTI IUIaHYBaHHs HArJISIOBOT
JISUTBHOCTI Ha MPOMHUCIOBOMY IianpueMcTBi. Ha ocHOBI aHaii3y CTATHCTHYHUX JAHUX IPO TPaBMAaTH3M Ha IiAMPHUEMCTBAX
OyniBenbHOI rany3i Oyau BU3HAUCHI BUIM €KOHOMIYHOI AiSUTEHOCTI 3 BUCOKHM CTYIIGHEM PH3HKY

KurouoBi ciioBa: Oy/iBHULITBO, TpaBMaTHU3M, CTYIIHb | KpUTEPil pU3UKY, PH3UK-OPi€EHTOBAHUIT iaXix
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Introduction

Analyzing the circumstances and causes of accidents
at the construction site, it was found that the vast ma-
jority of them occur due to falls from a height during
the construction of buildings with a monolithic-frame
method. Mistakes of various kinds can cost lives, dete-
riorating health, and cause significant material loss. In
practice, it is not possible to achieve absolute safety,
there is always a certain excess risk.

Risk, according to the Law of Ukraine High-risk ob-
jects", is the probability degree of a certain negative
event that may occur at a certain time under certain cir-
cumstances [1]. This is the possibility of any event that
contributes to the emergence of negative results in hu-
man activities. In the life safety theory, the risk is un-
derstood as the negative action results of any factor or
their complexity.

Risk is a term that has universal meaning, it refers to
an action that can or should occur with uncertainty.

Risk is a chance at which something unforeseen and
undesirable can happen. Risk is the probability of neg-
ative action in the area of human presence.

Risk is a quantitative characteristic of the impact of
hazards created by human activities, i.e. the number of
deaths, morbidity, disability caused by exposure to a
particular hazard. Risk is directly related to the concept
of damage, i.e. with the probability of death or damage
to the object, the less studied the risks, the more dam-
age. In this regard, there is a need for information accu-
mulation and analysis on various adverse events in or-
der to clarify the general trends and patterns of events
manifestation.

Construction, in comparison with the coal, chemical,
socio-cultural sphere and trade, transport, etc., belongs
to one of those industries which are characterized by
the probability of a significant number of risks. In ad-
dition, an important role is given to financial risks in
the construction industry, which arises due to unpre-
dictable changes in legislation or the economy, given
the construction process investment and capital inten-
sity duration. These risks may adversely affect the re-
sults.

The main measures to reduce construction risk levels
include the development of plans. Such plans should
include the following tasks: risk management and mo-
tivational regulation.

In the construction industry, the level of risk can in-
crease from insignificant to unacceptable. Reducing the
risk level depends on the personal qualities of the em-
ployee involved in the work process, as well as on
measures to reduce it.

Determination of accident risk assessments should be
based on the results of monitoring the technical condi-
tion of potentially dangerous objects, statistical data on
accidents and emergencies of man-made nature, com-
prehensive monitoring of dangerous geological and hy-
drometeorological processes, the state of natural com-
plexes, and modeling of relevant dangerous events and
situations. their impact on public health.

The application of risk assessment methodology al-
lows the development of mechanisms and strategies of
various regulatory measures to improve the safety of

industrial facilities; establish limits on the variability of
risk values and uncertainties associated with limited in-
itial data or unresolved scientific problems.

Review of the research sources and publications.

The essence of risk management and its place in the
activities of enterprises are revealed in the works of
N. Vnukova, M. Golovanenko, T. Golovach, L. Do-
nets, O. Dubrova, 1. Ivchenko, O. Kuzmin,
V. Kravchenko, V. Lukyanova, E. Stanislavchyk,
A. Starostina, D. Stefanych, and others.

The analysis of well-known publications [5...9]
showed that although today there are some studies in
the field of theory and practice of risk assessment, but
there are still methodological implementing problems
of risk-oriented approach to risk assessment.

Definition of unsolved aspects of the problem

The methodology of analysis and assessment of acci-
dent risk at industrial facilities has been actively devel-
oping, so the development of new and improvement of
existing approaches, models, and methods of accident
risk assessment and their computer implementation re-
main an urgent task for our country.

Problem statement

The main purpose of this article is to improve the an-
alytical methods for determining the criteria for the risk
degree in the construction industry.

Basic material and results

An effective risk management process cannot be a set
of fragmented actions, as it must be formed into a set of
actions that is part of the overall business management.
Features of systemic occupational safety risk manage-
ment are:

— a continuous process that covers the entire organiza-
tion;

— carried out by employees of all levels of the organi-
zation;

— used during the strategy development and formation;
— is used by the whole organization, at each level, and
by each unit and includes risk portfolio analysis at the
organization level;

— aimed at identifying events that may affect the com-
pany and managing risks so that they do not exceed the
risk appetite;

— provides management with reasonable guarantees of
goals achievement.

In the absence or lack of statistical data on risks in the
industrial enterprise, in particular, in the workplace,
when solving the problem of occupational safety risk
management, the risk manager should:

1. At the planning stage:

1. Identify hazards.

2. Identify possible danger and choose the damage

rate.

3. Identify the possible consequences of the danger.

4. Determine the damage probability (frequency).

5. Quantitatively or qualitatively assess (calculate)
the risk.
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1. At the implementation stage:

1. Have the skills and abilities to meet the require-
ments of functional responsibilities and authorities, re-
sources, and roles.

2. Conduct training, to determine competencies.

3. Inform about the order of communication, partici-
pation, and information.

4. Have the skills and abilities to manage documenta-
tion, operations, and determine compliance.

5. Develop the measures to prevent emergencies and
respond to them in case of occurrence.

1II. At the stage of verification:

1. The presence of internal audit.

2. Records management.

3. Determine the effectiveness.

4. Assess compliance with the law.

5. Investigate incidents, inconsistencies, corrective
and preventive actions.

1V. At the stage of adjustment:

1. Analysis by management.

2. Sources of information for hazard identification are:
— normative-legal and technical acts, scientific-tech-
nical literature, local normative acts, etc.;

— results of state sanitary and epidemiological supervi-
sion;

— the results of production control over compliance
with sanitary rules and the implementation of sanitary
and anti-epidemic (preventive) measures;

— results of workplaces certification;

— results of sanitary-epidemiological assessment;

— the results of monitoring the technological process,
production environment, workplace, the work of con-
tractors, external factors (roads, catering, climatic con-
ditions, etc.);

— results of analysis of questionnaires, forms, etc.;
—results of audit (survey) of colleagues and employees;
— practical experience.

September 15, 2015, a new version of the interna-
tional standard ISO 14001:2015 "Environmental Man-
agement Systems" was officially released.

March 12, 2018, a new version of the international
standard ISO 45001:2018 "Occupational Health and
Safety Management Systems" was released. The tran-
sition period to the new versions is 36 months (3 years)
[4, 5]. According to these normative documents, in the
specified terms, at each enterprise, the labor safety
management system on the basis of danger identifica-
tion which is based on the risk-oriented approach
should be created (corrected).

The risk-oriented approach (ROA) in the field of se-
curity is based on the position that any hazards (in the
industrial sphere, in everyday life), despite their diver-
sity, have the same nature of origin and the same logic
of events. The ROA's main tasks are to create a scien-
tific basis for ensuring the reliability of complex tech-
nical systems for human safety and the environment, to
develop methods for assessing the danger degree of in-
dustrial facilities, and the scientific basis of the accepta-
ble risk concept. Reducing the risk of danger requires
certain costs and involves investing in natural, man-
made, and social spheres. The dependence of the total

(technical plus socio-economic) risk on the society's to-
tal costs for security is described by a curve that has a
minimum in the case of achieving the optimal ratio be-
tween investments in the natural, technical and social
spheres. The acceptable risk area is within the total risk
minimum dependence of exposure to the society gen-
eral costs aimed at security. Risk management is the
search for a trade-off between the cost of reducing the
likelihood of a dangerous event or loss from it and the
benefits of using hazardous technologies, materials,
products, and so on.

There are three risk determining methods:

— apriori — the use of which allows determining the nu-
merical value of the risk in advance, regardless of ex-
perience, for example, in the case when a dangerous
event did not occur;

— a posteriori — the use of which allows determining the
numerical value of risk according to previous experi-
ence, for example, according to statistics;

— aesthetic — the use of which involves expert assess-
ment of processes and phenomena by experts, as well
as by conducting opinion polls of certain groups or the
general population.

In the a priori risk definition, the dangerous event
possibility is calculated as a classical interpretation of
probability. The dangerous event probability is defined
in this case as the ratio of the number of situations in
which this event occurs to the total number of situations
in which it can occur (provided that all situations are
equally possible and incompatible). The use of the apri-
ori calculation type is limited because situations that
can be described mathematically with the necessary ac-
curacy are rare in practice.

In a posteriori risk determination, the probability fre-
quency concept is used. Due to this concept, it is used
the real data on the dangerous event occurrence over a
fairly long time period and under the same observation
conditions. The probability calculation, in this case, is
reduced to the relative frequency occurrence calcula-
tion of a dangerous random event in the aggregate of all
possible random events. These calculations are based
on the law of large numbers and, due to the availability
and sufficient objectivity of statistical data, have wide
practical application.

The application of the risk determination aesthetic
method is mostly forced due to the lack of necessary
mathematical and statistical information about the
events, the probability of which must be assessed.
However, it should be borne in mind that expert evalu-
ation involves not only the use of objective materials
but also based on the experts' understanding of the real
situations patterns. Therefore, despite some limitations
of the esthetic method's effective capabilities, it is
widely used in practice.

The best results in predicting the risk magnitude give
a comprehensive, simultaneous application of all three
methods: apriori, a posteriori and aesthetic.

The theoretical and methodological basis of risk re-
search is created by risk theory. Its development takes
place in two main directions:

1) the practical application of a special part of applied
mathematics - mathematics of stochastic processes;
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2) the economy of probabilistic losses and identifying
ways to reduce or prevent them.

Quantitative hazard analysis always begins with a
preliminary study, the main purpose of which is to iden-
tify the hazard source. Danger sources identification,
danger development research, and its analysis are ob-
ligatory components of a technique called preliminary
analysis of dangers (PAD). PAD conducting in practi-
cal conditions is simplified and formalized through the
use of pre-prepared questionnaires, special question-
naires, tables, pre-analysis matrices, etc.

In order to quantify the accidents probability using
methods based on modeling random processes of acci-
dents occurrence and development, and to assess the
losses due to the implementation of adverse events of-
ten use deterministic methods. This comprehensive ap-
plication of deterministic and probabilistic methods
makes it possible to calculate the accidents risk at in-
dustrial facilities.

Among the most common quantitative methods in as-
sessing the risk of software accidents are logical and
probabilistic methods, including "event tree", "failure
tree", "minimum paths" and "minimum intersections",
as well as statistical methods of data processing on the
failure of technological systems. Statistical methods are
used with minimal assumptions, but require a large
amount of statistical information.

The combination of available statistical information
and additional information, including the knowledge
and experience of experts, allows reducing the require-
ments for the required volume of statistical data. Thus,
in the absence of statistics on accidents over a period of
time, such expert methods as the Delphi method, the
method of hierarchy analysis, morphological analysis,
fuzzy logic methods, etc. are used to assess the negative
event probability. In addition, the calculation of acci-
dent risk is also performed using the probabilistic
method, which is used to estimate the frequency or
probability of rare adverse events with severe conse-
quences, statistics on which are virtually absent.

Acceptable risk is the estimated indicator by which
the economic activity type of the business entity on oc-
cupational safety is one of the three risk levels (high,
medium, insignificant) is [2].

Criteria for the risk degree, based on the risk concept,
in our opinion, should be determined by assessing the
risk degree from economic activity and the value of the
maximum allowable level and depending on it to estab-
lish a gradation for high, medium, and low risks.

In the countries of Europe (Germany, France, Austria,
Ukraine) to assess production use:

1. Injury frequency rate (ks) (quantitative indicator),
ie the ratio of the accidents total number for the relevant
period Ny to the total number of employees p in this pe-
riod, which is per 1000 employees:

K;=(Ny/p)=x1000.

2. Integrated indicator of production occupational
risk (I,r). It is determined by the ratio of the costs for
the relevant period for compensation to the persons in-
jured at work (3 E..) to the actual labor costs (3 E;.) for
this period:

L=y E./(3 Eix100)
3. Severity traumatism rate (k;) (qualitative indicator),
ie the ratio of the total number of disability days D to
the number of accidents Ny:

Ki=D/Nj.

4. Disability rate (ks) determines the number of lost
working days per 1000 workers:

Ks=(D/p) x1000.

5. The risk of an accident (R) is defined as a quantita-
tive measure of danger, which takes into account the
probability of negative consequences (accidents) of
economic activity and the possible amount of losses
from them. The risk of danger realization is calculated
within the probability frequency concept according to
the formula of relative frequency occurrence of a dan-
gerous accidental event in the aggregate of all possible
accidental events:

R=n/N
where n is the number of events with undesirable con-
sequences over a period of time; N is the maximum pos-
sible number of similar events for the same time inter-
val.

But none of the above indicators take into account the
permanent loss of ability to work and death and there-
fore can not fully characterize the level of injuries.
This requires the use of at least one other indicator.
This indicator is the ratio of death and injuries (kz):

b N

1

100%,

0
where Ny — the number of accidents that resulted in
death and injury.

It is proposed to calculate the risk assessment in the
construction industry for harm to the health of workers
during economic activity by multiplying the one acci-
dent probability during the year by the probability of
losing one worker during the year the corresponding
number of working days due to the accident. To do this,
use the following indicators:

— the average annual number of accidents (accidents
with temporary disability and fatal accidents) for the
last three years;

— the average number of employees in the construction
and construction materials industry for the last three
years;

— the average annual number of lost working days due
to disability for work due to accidents at work for the
last three years.

This study proposes the following procedure for as-
sessing the level of safety in the construction industry
and the building materials industry:

— the frequency of accidents in the relevant case of
economic activity is calculated by the formula:

L = Na/( E0x240),

where L4 — frequency of accidents per year; N, — the
average annual number of accidents in the last three
years; E, — the average number of employees for the
last three years; 240 — the average number of working
days per year, including vacation.
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Nav = (Na\;]""NavZ)XlOOO,

where N,,;— the average annual number of accidents in
the last three years, excluding fatal accidents; N, — the
average annual number of fatal accidents in the last
three years; 1000 — the coefficient that transforms the
number of fatal accidents into the number of accidents
with temporary disability. According to the Interna-
tional Labor Organization (ILO), the average ratio of
fatal and total accidents at work in Western Europe is
1:1000.

The probability that an accident may occur during a
year is calculated by the formula:

Pys=1- el
where P4— the probability of an accident during a year;
¢t — interval equal to one year.
The disability rate in the relevant type of economic
activity is calculated by the formula:

Lp = Du/( Eswx240),

where Lp — disability rate; D,, — the average number of
working days lost due to accidents at work.

The loss probability by one employee during the year
of the working days' corresponding number due to an
accident (Rp) is calculated by the following dependence

Ps =]-etP

Thus, the occurrence of an accident during the year

can be calculated by the formula:
R =P, % Pp.

Acceptable risk, in relation to which the degree of risk
will be divided into three indicators — high, medium,
insignificant — can be considered the risk of an accident
in Ukraine, calculated on the arithmetic mean, taken
over the past three years (Ra).

According to the International Regulated Scale of
Mortality Risks, several benchmarks are distinguished

according to the degree of acceptability: the risk is ne-
glected, the risk is acceptable, the risk is extremely ac-
ceptable, the risk is excessive.

With neglected risk, the probability of a dangerous
event is so small that it does not exceed the natural
(background) level.

With an acceptable risk, the probability of a danger-
ous event is considered acceptable by society (accepta-
ble), based on the achieved levels of life, economic and
socio-political development, as well as the state of sci-
ence and technology.

The numerical value of the minimum risk of fatal haz-
ards corresponds to the average risk on the International
orderly scale of mortal hazards (R; =ax10°).

Thus, the following criteria can be used to assess the
risk: high risk is a risk that exceeds R., the medium risk
is equal to or less than R,,, but more than R, insignifi-
cant is equal to or less than R;.

The application of these indicators will make it pos-
sible to determine the criteria by which the risk degree
of an accident is assessed for the possibility of planning
supervisory activities.

If the conditionally acceptable risk is 2x107, then the
assessment of the risk degree is carried out on the basis
of the data shown in table 1.

Table 1 - Risk assessment criteria

Risk level Risk degree
>2x107% High
2x103 -1,01x10° Average
<10° Insignificant

Based on the analysis of statistical data on injuries at
industrial enterprises, high-risk economic activities
were identified. For enterprises in the construction in-
dustry, the data are shown in table 2.

Table 2 - Types of economic activity in Ukraine with a high-risk degree (construction industry)

Ne Types of economic activity Py Pp Rx107 Risk degree
1. Erection of metal structures 0,223 0,000934 21
2. Other special construction works 0,205 0,00097 19,9
3. Construction of main pipelines, communi- 0,251 0,000537 13,5
cation lines, and power supply
4. Production of precast concrete and rein- 0,178 0,000722 12,8 Bucokuii
forced concrete products
5. General construction 0,181 0,000424 7,68
6. Installation of heating, ventilation, and air 0,1508 0,00033 4,98
conditioning systems

Conclusions

The authors of the article are convinced that the intro-
duction of an international system of occupational
safety risk-oriented management in industrial enter-
prise activities allows to identify hazards and assess oc-
cupational risks. The proposed method of preventing
hazards or dangerous situations allows to ensure the
stability of development, increase the level of security,
through the implementation of all activities in con-
trolled conditions.

The considered indicators provide an opportunity to
determine the criteria by which the risk degree of an is
assessed in order to be able to plan measures to improve
working conditions.
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The article discusses the structure of a redundant technical system in the form of a graph. It is indicated that the structure of a
technical system is modeled by an undirected graph. The most important and least important elements of this structure from
the point of view of topology have been identified and substantiated. The distribution of the number of spanning trees and
cyclic subgraphs passing through each element of the structure of the technical system is shown. The relative distribution of
linked subgraphs by structure sections is given. This representation, together with the representation of the total number of
related subgraphs, conveys the participation of elements in the connectivity of the technical system. The topological signifi-
cance of the structure sections of the technical system is shown, taking into account the restrictions that this structure is multi-
polar
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TomnoJioriyHa Ba:KIUBICTH JiIJITHOK CTPYKTYPH TEXHIYHOI CHCTEMU

Ycenko B.I'."*, Boponnos O.B.%, Ycenko 1.C.%, Kogak O.A.*

! Hauionanbuuii ynisepcuter «IlontaBebka nonitexuika iveni IOpist KongpaTiokar

2 Hauionanbuuii ynisepcutet «IlonTaBcbka noitexnika iveni FOpis KonjgpaTiokar

3 Hanjonansuuii yaisepcuret «Ilontascbka nositexnika imeni I0pis Konaparrokay

4 Hauionanbhuii ynisepcutet «llonTtaBcbka noitexnika iveni FOpist KonjpaTiokar
*Anpeca s muctyBaHHS E-mail: valery usenko@ukr.net

Po3risiHyTO CTPYKTYpY pe3epBOBaHOI TEXHIYHOI CHCTEMH sIK rpad, pedpaMu sKOTo MPUHHSITO IUITHKUA CTPYKTYPH, a BEPILIH-
HaMH — By31H cTpykTypu. OCHOBHI 3aBIaHHs JOCITIIKCHHS HaAIHHOCTI NOJTal0Th y BCTAHOBJICHHI 1 OOIPYHTYBaHHI BUMOT
10 HAAIMHOCTI JO CHCTEMH i 1i CKIIa0BUX YaCTHH, Y BUOODI MPUHIMIIOBUX HAMPSMIB IIPOSKTHOTO 3a0e3NeueHHs HaaiHHOCTI
Ha eTalax CTBOPCHHS CHCTEMH. 3a3HAYCHO, L0 CTPYKTYpa TEXHIYHOI CHCTEMH MOJIEIIOEThCS HEOPIEHTOBAaHUM IpadoM.
HaniiaicTs cTpyKTypu Mepesxi 3aJIe)nTh BiJ YUcia 11 pe3epBOBaHHUX Ta HEPE3EPBOBAHMX IIPALE3IaTHUX CTaHIB. 31 301IbIICH-
HSIM OCTaHHIX HamiHHICTH CTPYKTYpH 30ULIBIIYETHCS i, BIAMOBIIHO, HABIAKU. BusBieHo, Mo BpaxyBaHHS HMOBIPHOCTI iCHY-
BaHHS BCIX Ipane3faTHUX CTaHiB JaCTh OUTBII TOYHY IOPIBHSJIBHY OLIHKY HAJIHHOCTI CTPYKTYPH TEXHIYHOI CHCTEMH.
Jns BU3HAYEHHS YMCIIa HUKITIYHUX 3B’ A3HUX HiArpadis, 110 IPOXOAATH Yepe3 KOXKHHI €lIEeMEHT CHCTEMU BUKOPUCTOBYETHCS
IrOPUTM MOIIYKY B riaubuny. [TokazaHo oOUYHCICHHS 4YMClia UUKIYHUAX MiArpadis 1m0 MpoOXOIiTh 4epe3 HaHy IUISHKY.
Bu3HayeHO Ta NPOLTIOCTPOBAHO LHUKIIIYHI MiArpady CTPYKTypH TEXHIYHOI CHCTEMH, 10 MOJCIIOIOTH Hpale3iaTHi CTaHu 3
pe3epBoM. BusiBieHo HallBaXIIMBIII JUUISTHKH JUTS 33/1aHOT CHCTEMH 3a TOIOJIOTiE€l0, 00 BOHU HAIOLIbII Bpa3nuBi I CTPYK-
Typu. IIpu BUXO/i OCTaHHIX 3 J1aly piBeHb Mpale3laTHOCTI CTPYKTYpH Oy/ie 3HaYHO MEHIINM. | HaBmaku, 3 BUIy4CHHSIM Haii-
MEHIII BO)KJIMBHUX JIISHOK HAaIHHICTh CTPYKTYPH 3HU3UTHCS B MEHIIIH Mipi 3aBASKU CTPYKTYpPHIH HaUTHIIKOBOCTI, III0 peai-
30BaHa IHIINMH AiISHKaMU. [IprBeieHo BiTHOCHHH O30 3B’ SI3HUX MiArpadis 110 AUITHKAaM CTpYKTypH. Lle nmpeacTaBineHHs
Pa3oM 3 MOJAHHSIM 3arajbHOTrO YKCIIa 3B’A3HUX HiArpadiB nepeaae yqactb IUUISHOK Y 3B SI3HOCTI CTPYKTYPH TEXHIYHOI CHC-
TeMH. 3a3Ha4YeHO, 110 YUM OUIBIIMM € BiJHOCHE YHCIIO HmiarpadiB JULSTHKY, THM BaXIMBIIIOO € AISTHKA ISl 3B SI3HOCTI CTPY-
KTypH 1 HaBnaku. [Toka3zaHo TOIOIOTiYHY BaXKJIUBICTh AUISHOK CTPYKTYPH TEXHIYHOI CHCTEMH 32 0OMEXEeHb, 110 JlaHa CTPYK-
Typa € 6araTonoIIOCHUKOM, TOOTO KOXKHHUI By30J1 Ma€ OyTH 3B’SI3aHUM 3 KOXKHUM iHIIMM BY3JIOM CTPYKTYPH.

KurouoBi c1oBa: Teopis rpadis, CTpyKTypa CHCTEMH, CTPYKTYpHA HaIiHHICTh
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Introduction

To design and maintain complex systems, it is neces-
sary to study the impact of their components on relia-
bility [7-10]. Determination of the system structure
components influence helps to solve the problems of
optimal redundancy and reliability distribution among
the elements [8]. This is necessary for monitoring, ana-
lyzing failures, restoring systems, and obtaining a gen-
eralized picture of the effect on the structural reliability
of the failures process system of elements or their
groups (components).

Review of the research sources and publications

In the studies carried out on the reliability of various
technical systems [1-5], attention is focused on identi-
fying the basic requirements for their reliability, relia-
bility indicators were given, and methods for determin-
ing the number of spanning trees that can be associated
with the limiting operational states of the topological
structure were given. The number of spanning trees
passing through each section of the structure is taken as
an indirect indicator for comparing different structures
in terms of reliability [2]. The literature provides a cal-
culation of the number of spanning trees in graphs [1]
and shows how to determine the number of spanning
trees passing through individual sections of the struc-
ture [2]. However, for a more accurate assessment of
each element's importance in the system structure, one
should take into account all possible working condi-
tions structure, including cyclic connected subgraphs of
the structure [3].

Definition of unsolved aspects of the problem

To date, an assessment of the topological importance
of the elements of the structure of a technical system as
a characteristic of the elements' reliability distribution
in the system structural reliability has not been derived.

Problem statement

The main tasks of the reliability study are to establish
and substantiate the reliability requirements for the sys-
tem and its components, in the choice of the principal
directions and rational strategies for the design reliabil-
ity assurance, in the elaboration of the reliability assur-
ance issues at the subsequent system creation stages [4,
16, 17].

Basic material and results

The publication [8] reflects the ways of establishing the
structural system elements' significance. There are limi-
tations: there is no initial possibility of the parts reliabil-
ity. A matrix of paths is used to find the significance of a
system element as a value of its rank (R;). Rank is the
number of a particular element ties with others

A4+ A

i S+ 42)
i=1

(1)

where A;, A% are the sums of the direct matrix paths
rows with ones in the main diagonal and of the same
matrix squared, respectively.

After studying the principle of system operation, a
graph is drawn up that simulates the dominance of ele-
ments and a matrix of dominance. The value of the
functional and structural rank of the element is

B, +B;

z (B i +B i2 )
i=1

where B;, B? are the sums of the adjacency matrix rows
and the same matrix squared.

The disadvantage of this method is that it does not set
items with zero ranks. There is also no definition of the
degree of mutual elements' influence.

In [13], the concept of the elements' weight in the sys-
tem reliability was formulated. It does not depend on
probability based on the concept of Boolean difference
and the use of a logical-probabilistic method for study-
ing the reliability of systems [10]. In [7], the reliability
impact magnitude constituent components of the struc-
ture on the reliability of the system are described.
This value is determined statistically.

Accordingly [11], the transition from the reliability
parameters of individual elements to the reliability of
their groups is insufficient without studying the im-
portance of the component formed by the two elements.
The influence of two elements on the system reliability
is shown: temporary (conjunctive), total disjunctive, or
separately (strictly disjunctive). The study describes
finding the importance of two elements in the system
reliability analysis. There is a prospect of generaliza-
tion for a huge number of the system parts by the in-
duction method.

Scientific sources [11, 14] highlight the property of
weight for two elements. The weight of any logical
function is determined by a probabilistic function with
the condition of equal probability of truth and falsity of
all arguments of the algebraic function of logic.

Most of the known methods for determining the mag-
nitude of the impact of individual elements on the reli-
ability of a system use the probability of initiating
events. In [12], the structural significance of the ele-
ment in a system with a monotonic structure in the form
of a partial derivative is presented

B(i\R)= ZJ;C

1

2)

A3)
1
where R.=f(Ri,...,R») is the system reliability depends
on R;.

If the value of R; is unknown, the significance of the
element x; is expressed with a value of 0.5 for the reli-
ability of all elements:

N OR
B(i)= R (4)
i|R=..R,=0,5
In publications [9, 13], the partial derivative is the sig-
nificance of the element:

OR.
¢i=

OR

i

- Pl e, )=1f 3)

where R; is element reliability, R. is system reliability.
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Replacement in expression (4) of the variables x; and
x'm by the value 0.5 for all i=1,...,m gives the depend-
ence of the element's action:

&, =P{Ax,.y(x;1)=1}R1: r0s (6)

In expressions (5) and (6), the influence of an element
quantitatively coincides with the concept of signifi-
cance.

But there is a difference: the weight g,; is included in
the logical model and the structural significance to the
probabilistic one [10]. The reliability is

Rch(xi) + QiRc('Q = Rch(xi) +(1- Ri)Rg)) (7)

RY-RY) =¢; ®)
where

RY =Py (x,)=1)

cl

R = Py (x,) =1

Formula (8) is the basis of methods for calculating the
significance of systems. Element significance is inter-
preted as the speed of the system's reliability changing.
It detects elements, an increase in the reliability of
which by an amount AR; increases the reliability of the
system by an amount

AR; = giARi )

The significance ¢; of an element depends not only on
its place in the structure of the system but also on the
reliability R; of all other elements, except for itself.
The probabilistic representation of significance helps to
interpret the significance of an item as the system reli-
ability if the item is in working order. The concept of
an element's contribution was described in the study
[10]. The contribution of an element to the system reli-
ability is equal to:

OR
B =R —<=R(_. 10
W =R = RG (10)
Formula (6) can be represented as
Rc_Rc(’i)) =Ri(R£i)_R£6))=Ri§i (11)

The contribution of the element B,; is the probabilistic
part of the reliability of the system R, which it receives
with the restoration of the operability of the element R;.
Taking into account (9), the value of the contribution is
presented as an increase in the reliability of the system
by attracting an element to its structure, or by restoring
its operability. Damage to an element of the structure
of the system is the product of the probability of failure
O of the element by its significance

oR. _
o =05

Qf; :Qi (12)

The relationship between the contribution and loss of
an element coincides with the ratio of its probabilities
to reliability and failure [10]:

B R

G 9

Consider the structure of the redundant technical sys-
tem (TS) as a graph 4, edges of which we take parts of
the structure x;, i=1, ...,n, and the vertices are the nodes
ofthe structure v;, j=1, ...,m. The structure of TS is mod-
eled by an undirected graph, the connections between
nodes exist in two directions. The subgraph T; of this
graph, which has no cycles but has edges that connect
all vertices of graph 4, is a trunk tree. For the structure
of the TS, such a tree simulates the operating state,
which is the limit because it has no structural redun-
dancy.

When the structure is inoperable, at least one node of
the structure has no connection with other nodes and
this corresponds to the removal of one or more edges of
graph A that connect this vertex with others.

The reliability of the network structure depends on
the number of its unreserved operational states.
The number of remaining trees in graph A determines
the number of these states [3]. As the number of trunks
increases, the reliability of the structure increases, and,
accordingly, as the number of trunks decreases, the re-
liability of the structure decreases, P;>P; , if T;>T.

The number of carcass trees of a given graph is cal-
culated from a symmetric binary matrix of adjacency of
vertices, in which the elements of the main diagonal are
numerical values of the degrees of the corresponding
vertices [1]. Ever, in the structure of the TS, not only
non-reserved but also redundant operational states are
possible, which are modeled by connected cyclic sub-
graphs B; of graph A4 of the structure of the TS. The sum
probability of any related events number is reflected by
the known formula [3]:

(13)

n n P(B;B;)+ Y. P(Bb
P(Z(B,-)}ZP(BZ-)—Z i.j.k (14)
! ! (1) P(B,B,..
where B; is a random event of the existence of a struc-
ture working state, which is modeled by the subgraph
Qi of graph A4, n is the possible number of states, i =
1,...,n. The number of all possible subgraphs of graph
A is 2%, where x is the number of edges of graph 4. If
we take into account that always one of them is trivial,

then the number of all possible subgraphs having edges

Hx=i[x.]=2“‘—1 (15)
J

J=

For the structure shown in Fig. 1 such subgraphs are
Hg=28-1=255.

It is obvious that taking into account the probability
of the existence of all working conditions will give a
more accurate comparative assessment of the TS struc-
ture reliability. If the number of cyclic subgraphs in the
TS structure increases with the change of its internal
connections, the TS reliability will increase, ie Pi>P;, if
B,‘>Bj and Q,‘>Qj.
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Thus, the working states of the TS structure correspond
to the cover trees and cyclic subgraphs of the structure
graph. All vertices of graph A are connected by edges,
and when one edge that is part of a loop is removed, the
subgraph remains connected. When one edge is removed
outside the cycle, the connection with one or more verti-
ces of the graph is lost (the graph splits into two parts,
which are components of connectivity) and this corre-
sponds to the inoperable state of the TS structure.

It is possible to determine the number of cyclic con-
nected subgraphs Q; passing through each element of
the system using the depth search algorithm [6]. The
algorithm is based on a systematic search of the graph
vertices in such an order that each edge x; and each ver-
tex of the graph v; is considered only once.

The transition from the vertex v; to v+ is the edge x;
that connects them. Using the depth search algorithm,
you can view all possible subgraphs of the structure
graph. The connected cyclic subgraph Q; of graph A
should contain a tree [1]. Therefore, the selection of a
connected subgraph is performed by checking for the
presence of a T; tree.

The number of cyclic subgraphs Q; passing through
this section x; is calculated by the formula

0,=5,-S,,

where S, is the total number of connected subgraphs in
the graph of structure 4 with a given section x;; S’-1 is
the number of connected subgraphs without plot x;.

Take the structure of the technical system (Fig. 1).
T3=32 different carcass trees pass through the whole
structure; it has 32 different limit working states (Fig.
2) and Os=34 cyclic subgraphs (Fig. 3). If you remove
segment x; from the structure (denote the segment x;
through its ends, which are nodes 1-4). Graph 4 be-
comes subgraph 4'. The number of remaining trees will
be T’s = det A’= 24. Using the depth search algorithm,
determine the number of cyclic subgraphs Q’s=26.
The number 7 and the number Q decreased by the num-
ber of subgraphs passing through section xi, respec-
tively.

(16)

6 5

4 1

Figure 1 —The structure of the technical system

T.4=T—-T;=24 different carcass trees and
014=0—0;=28 different cyclic subgraphs of the struc-
ture pass through sections xi.4, x4, Xs.6. These seg-
ments are the most important for this structure in terms
of topology because they are the most vulnerable to
the structure. The least important for this structure
is the area x».3 because the smallest number of trees
T3 =16 and Q3 = 26 cyclic subgraphs pass through
it. In the event of its failure (removal), the network
structure will be more workable than in the removal of
the above areas because it has a structural surplus,
which is implemented in other segments.
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Figure 2 — All 32 carcass trees illustrate
the ultimate operating state
of a structure without reserve

In Fig. 4 shows the distribution of the trunk tree num-
ber passing through each section x; of the TS structure.
In fig. 5 — distribution of the number of cyclic sub-
graphs Q; by structure sections. If the number of span-
ning trees for sections xs6 and x> is equal to
T46=24 and T>.3=16, then taking into account the distri-
bution of the numbers of cyclic subgraphs (Fig. 5),
these values will change slightly: respectively, for sec-
tion x4.6 we have Q4.6 = 52, and for section x»3 we ob-
tain Qs.s = 42 (Fig. 6).

To study the distribution of reliability between ele-
ments of the system structure, we use the number of all
connected subgraphs (carcass trees and cyclic sub-

graphs):
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F=T+0, (17)

where F; is the number of all connected subgraphs, T; is
the number of truncated trees, Q; is the number of con-
nected cyclic subgraphs.
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Figure 3 — All 34 cyclic subgraphs
of the structure of the TS, simulating
working conditions with a reserve

We will accept the distribution of connected sub-
graphs numbers on the TS structure sites is

c =t (18)
F
where F; — the number of connected subgraphs pass-
ing through the section x;; F' - the number of connected
subgraphs passing through the whole structure modeled

by graph 4.

Figure 4 — Distribution of the number
of carcass trees passing through sections
of the structure

Figure 5 — Distribution of the number
of cyclic subgraphs passing through sections
of the structure

Figure 6 — Distribution of the numbers
of all connected subgraphs by sections
of the structure

In fig. 7 shows the relative distribution of connected
subgraphs by sections of the structure.

6 0,788 5

0,788

Figure 7 — Topological importance of TS structure

This representation, together with the representation
of the total number of connected subgraphs, for exam-
ple, for a given structure /' = 32 + 34 = 66, indirectly
conveys the sites' participation in the connectedness of
the TS structure. It should be noted that the relative
number of subgraphs C; in segment x; is a greater sub-
graph for the coherence of the structure and vice versa.
C> Ci+1, where C; is the topological importance of the
site, C;+1 is the topological importance of the site x;+1.
In fig. 7 shows the topological importance of parts of
the TS structure for the limited fact that this structure is
multipolar, each university must be connected to each
other node structure.
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Conclusion

The participation of the structure segments in the dis-
tribution of the technical system reliability by elements
can be estimated by the number of subgraphs: carcass
trees and connected cyclic subgraphs of the technical
system structure graph.

Assessment of the topological significance of a tech-
nical system structural element is a characteristic of the
distribution of the elements' reliability in structural re-
liability of the system. Coverage trees and cyclic sub-
graphs of the structure graph correspond to the operat-
ing state of a technical system.

When less important segments fail, the network struc-
ture will be more efficient than removing critical seg-
ments, since it has structural redundancy implemented
in other segments and vice versa.

More subgraphs of a segment than other segments in-
dicate a higher level of structure importance and vice
versa. The topological importance of the system struc-
ture elements is limited by the fact that this structure
has many poles: input and output nodes. In this case,
each node of the structure must be connected to each
other.
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The article discusses the temperature of the working body caused by Foucault currents circulating inside of the working body
of a differential pump of electromagnetic action. The article begins with a theory describing the nature of the Foucault current
and the causes of the plunger heating. Then there is a characteristic of the differential pump of electromagnetic action. The fol-
lowing is a description of the structures of the working bodies of the differential pump of electromagnetic action. The estimated
data of the working body are entered in the table. These tables are taken into account when plotting. The theory substantiates
the conditions of heating of the working body, the existence of eddy currents, and also the influence of the temperature of the
actuator on the operation of the differential pump. The description shows what role the plunger plays in the operation of the
differential pump. The article described in detail the interaction of the working body and the solenoid of the differential pump.
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eTbes ctpymMaMu DyKo B cepeinHi 1bOoro pododoro oprana. Po3risiHyTo TeopeTHYHI OCHOBH BUHUKHEHHS BUXPOBOT'O CTPYMY
Ta NPUYMHU HArpiBy IuTyHxepa. HaBeneHo omuc KOHCTPYKTHBHHMX OCOOIMBOCTEH Ta PO3PAaXyHKOBI XapaeTPUCTUKH Pi3HUX
THUMIB poO0UYKX OpraHiB qud)epeHIiifHOro Hacoca eneKTpoMarHiTHoI fiil. TeopeTndHo 06IpYHTOBAHO YMOBH HAarpiBy po6ouoro
oprana JuepeHifHOro Hacoca Ta ICHYBaHHS IIKIUTMBUX CTPYMIB, a TAKOXX BIUIUB TEMIIEPATYpH IUTyH)Kepa Ha poboTy nude-
peHuiiiHoro Hacoca. JIoCiiIKeHO BILIMB IUTYHXKepa Ha TEXHIYHI XapakeTPUCTHKHU qudepeHLiiHoro Hacoca. OnucaHo B3aeMo-
Iifo po6090T0 Oprany Ta KOTYIIKH AU(GEPEHIIHHOTO Hacoca eJISKTPOMArHiTHOT Aii, a TAKOX BIUIMB T€OMETPHUYHHUX 0COOIMBO-
CTeii Ha BEJIMYKMHY TEMIIEpaTypHy HarpiBy IUTyH)Kepa Ta aryOHuX cTpyMmiB. Bix BuOOpy Matepiaiy 3 SKOro MOYKHa BUTOTOBHTb
po6OUHii OpraH 3aJeKHTh TEMIIEPAaTypU HArPiBy IUIYHXKEpa i BEIMYMHA HECTIPUSATIMBOTO CTpyMy. [IpOBeICHO AeTalbHU OIHC
BCIX MpOILIECiB KOTPi BiAOYBaIOTHCS B pobodoMy oprai. [IpeacTasieHi Ta AeTaabHO ONKCaHI XapaKTEPUCTHUKNA POOOYNX Opra-
HIB sIKi BUTOTOBJICHI 3 PI3HOTO MaTtepiaay Ta METOJOM HopoiikoBoi Meranyprii. Ile 3arajgom mae MOXJIMBICTH aHaJi3yBaTH
KOHCTPYKLIHHOT 0coGIMBOCTI poboyoro oprana qudepeHiiiiHoro Hacoca BAaIocs OTPUMATH CyTTEBY €KOHOMIIO €JIEKTPOSHe-
prii, mo OyJo IeTalbHO PO3KPUTO B TAOMHMIN Ta MOKa3aHO Ha rpadikax TemmeparypHo omipHOi Xapakrepuctuku (TOX).

Kurouosi ciioBa: mudepeHnianbHui Hacoc, 03100IF0BAIEHA CYMIII, TUTYHKED, cTpyM DyKo.
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Introduction

Today in Ukraine there are about 800 models of
pumps, which differ in their principle of operation, per-
formance, power, discharge pressure, and the structure
of the working bodies. However, the problem of in-
creasing their economic efficiency while ensuring high
reliability remains particularly acute. One of the ways
to solve this problem is to reduce the material consump-
tion of the product and reduce electricity consumption
during operation [1, 7]. In turn, this requires the intro-
duction of new science-based pump designs or design
changes to existing models.

Review of the research sources and publications

Initial data on the differential pump are obtained as a
result of standard acceptance tests of the design in the
laboratory. The main purpose of this data is to improve
the performance of the differential pump. In addition,
the results of statistical tests of the pump affect the de-
sign standards. This process was especially intensified
with the invention of other pump designs [7]. Numer-
ous publications since the 1950s [1 — 12] are devoted to
the statistical description of the mechanical character-
istics of the design of a differential pump, in particular
its performance. This is especially true of the reliable
statistical parameters of the pump performance re-
quired to increase the transport of the finishing mate-
rial. This is emphasised, in particular, in the publica-
tions prepared by the scientific school "Creation of the-
oretical foundations for calculation, design, and imple-
mentation of effective means of complex mechanisa-
tion of finishing works in construction" of the National
University “Yuri Kondratyuk Poltava Polytechnic” [1].

Definition of unsolved aspects of the problem

Currently, the problem of creating pumps for which a
minimum amount of construction materials are used is
quite acute. Manufactured pumps consume a minimum
amount of electricity while having maximum perfor-
mance. The operation of such pumps is short. Now the
urgent task is to create a differential pump of electro-
magnetic action, which is able to work rationally. The
differential pump of electromagnetic action is able to
provide an increased level of efficiency during opera-
tion to 52% with long service life.

With a large number of differential pumps of electro-
magnetic action, their design diversity is very large.
The manufacture of a differential pump of electromag-
netic action, which consumes a small amount of elec-
tricity, is an urgent problem for the development of the
pumping industry.

Problem statement

The aim of the article is to highlight the results of re-
search of the plunger differential pump of electromag-
netic action intended for pumping construction finish-
ing mixtures. Analysis of literature sources on this topic
and experimental studies show that in the working body
of such a pump there is a loss of energy to heat the
plunger and solenoid winding, which leads to reduced
efficiency. The cause of heating is the Foucault current,

which begins to circulate in the working body when
moving the plunger. It is proposed to minimize the neg-
ative impact of Foucault current by breaking the closed-
loop of the magnetic circuit, namely by using a separate
plunger or a plunger made by powder metallurgy.

In order to create a cost-effective model of the differ-
ential pump of electromagnetic action and its further
implementation in production, the following tasks are
solved:

- the factors leading to energy losses in the working
body of the differential pump of electromagnetic action
are revealed;

- by selecting the material of the plunger and due to
its separate structure, the formation of Foucault cur-
rents in the working body is minimised and, accord-
ingly, energy losses for heating are reduced, which in-
creases the efficiency of the pump;

- in order to reduce the heating temperature of the
plunger, a large working body was created to reduce the
temperature caused by Foucault currents;

- in order to determine the mode of operation of the
differential pump at which the pump will consume a
minimum of electricity at maximum capacity, a graph
of the temperature-resistance characteristic is created.

Basic material and results

The research is carried out on a plunger differential
pump of electromagnetic action, the structure of which
is shown in Figure 1.
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Figure 1 — Differential pump
of electromagnetic action:
1 — plunger; 2 — housing; 3 — electromagnet winding;
4 — a magnetic circuit of the winding;
5 — suction cavity; 6 — compensating spring;
7 — working spring; 8 — suction valve;
9 — discharge valve; 10 — compensation chamber;
11,12 — injection and suction fittings;
13, 14 — cuff seals

The pump of the proposed structure works as follows.
When a current is applied to the solenoid winding 3, an
electromagnetic field is generated, which causes the
plunger 1 to move towards the suction valve § by com-
pressing the working spring 7. The finishing mixture,
which is present in the suction cavity 5, is also com-
pressed. It causes the discharge valve 9 to open and is
fed through the hole in the plunger to the discharge fit-
ting 12. After stopping the supply of current under the
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action of the working spring 7, the plunger 1 returns to
the opposite position creating a vacuum in the suction
cavity 5. Under the influence of the vacuum suction
valve 8 opens and the finishing mixture fills the cavity
5. Next, the winding 3 is again supplied with current
and the cycle is repeated.

The electromagnetic differential pump has no auxil-
iary mechanical gears, so its efficiency is higher than
other pump models. However, there is a disadvantage
associated with the loss of energy in the drive.

The operating cycle of the pump consists of two
stages, each of which is accompanied by the movement
of the plunger. Because the plunger has a certain re-
sistance, when it moves in a magnetic field there are
Foucault currents, which are harmful because they lead
to loss of energy to heat the plunger. In this case, the
operation of the pump becomes economically unprofit-
able.

Given that the maximum value of Foucault current
reaches in a closed circuit, it is advisable to use a sepa-
rate plunger or plunger made by powder metallurgy,
which allows breaking the circuit and reducing the neg-
ative impact of Foucault currents [1, 8].

Thus, the process of pumping the mixture by the
pump consists of two cycles; each cycle depends on the
process of Foucault's current initiation in the plunger
and is associated with the magnetic flux flowing in the
magnetic circuit.

Under the action of alternating current in the coil,
there is the generation of magnetic flux in the magnetic
circuit. The magnetic field density is 57.4 T. The den-
sity of the magnetic field generates voltage. As the
magnetic flux density increases, the voltage increases.
Foucault's current is formed as a result of the interac-
tion of voltage and resistance. Increasing the frequency
of the network produces an increase in Foucault's cur-
rent. The plunger is heated as follows. The magnetic
flux interacts with the plunger to form an EMEF.
EMF and resistivity create Foucault's current.
The plunger heats up.

The differential pump [1, 8] has a coil that passes cur-
rent and a working body that pumps the finishing mix-
ture. The plunger and the coil are connected by a metal
magnetic core. When current is applied through the
magnetic circuit, the magnetic flux in the plunger will
be voltage. The maximum Foucault current is generated
in the working bodies of the closed circuit. The coil
heats up. The eddy current will reduce the magnetic
flux density. The decrease in magnetic field density is
directly proportional to the -electromotive force.
This disturbs the balance between the voltage of the
coil supplied from the socket and the EMF of the self-
induction of the coil. The coil current will increase. As
the current in the coil increases, the magnetic field den-
sity increases when the plungers of the open circuit
equilibrium are restored. Heating the plunger reduces
the coil current. Therefore, the occurrence of Foucault
current in closed-loop plungers causes an increase in
current in the working coil of the pump, heating the
plunger. This makes the use of a differential pump eco-
nomically impractical.

Thus, the process of Foucault currents in the plunger
is associated with the magnetic flux flowing in the mag-
netic circuit and depends on the heating temperature of
the plunger.

A voltage is applied to the coil of a differential pump
from the mains, which together with the coil resistance
depends on the following parameters: resistivity of the
wire from which the coil is wound, length of the coil
wire, and cross-sectional area of the wire. The electric
current generates a magnetic inductance that depends
on the dielectric constant of the vacuum, the current cir-
culating in the coil, the number of turns of the coil, and
the length of the solenoid core. Magnetic inductance
produces a magnetic flux in the magnetic circuit that
depends on the magnetic induction, the cross-sectional
area of the coil, and the angle between the magnetic in-
duction vector and the perpendicular to the cross-sec-
tional area of the coil core. The magnetic flux produces
an electromotive force in the working body of the dif-
ferential pump, which in turn depends on the speed of
the plunger, the magnetic induction of the coil, the cir-
cular length of the working body, and the position of
the differential pump. The electromotive force together
with the resistance of the working body consisting of
the resistivity of the material, the circular length of the
working body, the area of the longitudinal section of the
plunger forms a Foucault current.

The Foucault current depends on the frequency (con-
trol value) and the frequency is inversely proportional
to the length of the plunger, its mass, and the resistance
of the working body. Due to the Foucault current, the
working body is heated and the magnetic inductance is
formed in the direction opposite to the magnetic induct-
ance of the coil, which depends on the magnetic perme-
ability of the material, Foucault current circulating in
the working body, and radius of the working body.
The temperature of the plunger is related to the Fou-
cault current and the reactance of the differential pump
coil. The reactance of the coil depends on the frequency
of the current and magnetic induction. Magnetic induc-
tion depends on the following parameters: the number
of turns of the coil, the cross-sectional area of the coil
core, the length of the wire from which the coil is
wound, the magnetic permeability of the vacuum, the
magnetic permeability of the plunger, and the time re-
quired for maximum plunger heating. The magnetic in-
ductance of the working body creates a magnetic flux
also inversely proportional to the magnetic flux gener-
ated by the solenoid. Therefore, the coil of the differen-
tial pump takes more electricity than working with a cut
plunger. The retraction force of the plunger depends on
the number of turns of the coil, the length of the wire
from which the coil is wound, and the Foucault current
circulating in the plunger of the differential pump.
The performance of the differential pump is the product
of the suction force on the cross-sectional area of the
plunger.

The differential pump has an air gap between the
working body and the coil and does not have various
auxiliary mechanical parts and therefore the efficiency
of the differential pump of electromagnetic action is
higher than in other models of pumps.
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Since the translational movement of the plunger of
the differential pump does not depend on the direction
of the current transmitted to it, each differential pump
can be driven by alternating current. However, in this
case, its power is significantly reduced. The reason for
this is that alternating current, passing through the coil,
creates in the magnetic circuit so-called Foucault cur-
rents, the formation of which is a significant part of the
electrical energy transmitted to the pump. In addition,
in DC pumps, the excitation energy of the coil is con-
sumed only once at the beginning of the action, after
which the magnetization of the magnetic conductors re-
mains unchanged. In a differential AC pump, the mag-
netic conductors are re-magnetized with each change in
the direction of the current, which consumes some en-

ergy.

Figure 2 — Plunger with a diameter
of 23 mm
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Figure 3 — Working body with a diameter
of 30 mm

Figure 4 — Working body with a diameter
of 23 mm

Heating of the working body causes power losses dur-
ing operation. These include losses due to current heat-
ing of the coil of the differential pump, heating of the
magnetic circuit from hysteresis and eddy currents, and
to some extent due to heating from friction with air.

Seven working bodies of the differential pump are
considered in the work. Each plunger, depending on the
magnitude of the Foucault currents, has its own heating
temperature. Each plunger was made of different mate-
rials or has a different structure (Figs. 2 — 15).

In Fig. 16 is shown a working body with dimensions.
For further calculations, the plunger is imaginarily di-
vided into two cylinders. The volumes and areas of the
longitudinal sections are added.

Figure 5 — Plunger with an important diameter
of 30 mm

Figure 6 — Plunger with a diameter
of 30 mm

RS e

Figure 7 — Plunger with a thickness
of 23 mm

Figure 8 — Plunger with a thickness
of 30 mm
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Figure 9 — Working body made of steel
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Figure 10 — Working body made of cast iron
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Figure 11 — Working body made of steel (separate)
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Figure 12 — Plunger made of steel
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Figure 13 — Plunger made of steel (split)

Figure 14 — Plunger made of ground iron

Figure 15 — Plunger made by powder metallurgy
method
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Figure 16 — Sketch of the working body of the differential pump
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In the mathematical description of the process of
heating the plunger, it is considered as two hollow cyl-
inders with a resistivity of a certain value. Consider the
case where the plunger is in a uniform magnetic field.
The resistance of the plunger at known dimensions of
the working body is determined [6] as

R _ /
work = P Sl ’ (1)
where p is the resistivity;
/ is the length of the solenoid, m;
S is the area of the longitudinal section of the plunger,
mm>,

Since the frequency of the alternating current in the
network from which the pump is fed has known
(50 Hz), the amount of current circulating in the work-
ing body has found [9] by Foucault's law

1 R’ 2
where W is a current frequency, Hz;
R is the resistance of the working body, Ohm.

If the plunger has a solid structure, then Foucault's
currents circulate in it. The heating temperature of the
plunger is found [6] according to the Joule-Lenz law
using the reactance of the solenoid winding

T=1"X,-t, (3)

where 7 is Foucault current, A;

X is the reactance of the winding, Ohm;

t is the time required for maximum heating of the
plunger, s.

Taking into account that part of the thermal energy is
transferred from the working body to the pumped me-
dium, according to the Joule-Thompson formula [4] the
degree of cooling of the plunger is determined

t=m-c(ti—t), 4)

where m is the weight of the plunger, kg;

c is the specific heat of the working body, kJ/(kg-K);
#; is an initial temperature of the working body, °C;
tis the final temperature of the working body, °C.

Thus, the values of voltage U, current I, and operating
time t form the work of the electric current, and Qo, Qm
form the efficiency of mechanical action which on the
basis of experimental studies forms the efficiency of the
differential pump of electromagnetic action [5]

_ Au N T . 0
n 4 + N 100% |, (5)
where: 4, — useful work, J;
A, — total work, J.

The electromotive force that moves the plunger may
be determined from experimental data on the heating
temperature of the working body, the time of its opera-
tion, and the reactance of the solenoid winding

"= /% , 6)

where T— heating temperature of the working body, °C;
X — reactance of the winding, Ohm;
t is the operating time of the pumps.

The value of the Foucault current is obtained on the
basis of data on the heating temperature of the working
body, the operating time of the pump, and the reactance

of the winding
T
I= ‘/ ) 7

The research is conducted for plungers of solid and
separate structures made of different materials. Steel,
cast iron, and iron powder are chosen as the plunger
material (Figs. 2 — 8).

The conducted calculations and studies show the fol-
lowing. Foucault currents are present in solid steel with
a diameter of 23 mm (Fig. 2), cast iron, and steel with
a diameter of 30 mm (Fig. 3, 4) plungers. The resistance
of the plungers, determined by dependence (1) is mini-
mal. In this case, according to Ohm's law, Foucault's
currents reach maximum values.

Separate steel plungers with a diameter of 23 mm
(Fig. 5) and a diameter of 30 mm (Fig. 6), as well as
made by powder metallurgy with diameters of 23 mm
(Fig. 7) and a diameter of 30 mm (Fig. 8) have maxi-
mum resistance and therefore, they have infinitesimal
Foucault currents.

Studies of Foucault currents values depending on the
geometric dimensions (diameter) of the plunger show
the following: eddy current value in a steel plunger with
a diameter of 23 mm is less than a steel plunger with a
diameter of 30 mm, and it is more than in a plunger
made of cast iron with a diameter of 30 mm.

The plunger is made of steel with a diameter of 30
mm due to the minimum frequency and has lower Fou-
cault current values. The steel plunger with a diameter
of 23 mm has the maximum frequency and therefore
has the highest value of Foucault current. The plunger
made of cast iron has a medium frequency and therefore
the value of the Foucault current is intermediate.

Depending on the material and geometric dimen-
sions, the heating temperature in steel plunger with a
diameter of 23 mm is 374 °C, in cast iron plunger with
a diameter of 30 mm is 264 °C, in steel plunger with a
diameter of 30 mm is 286 °C. As can be seen, the steel
plunger with a diameter of 23 mm has a higher heating
temperature than the plunger with a diameter of 30 mm.
This is due to the more intense heat dissipation from the
plunger of larger diameter.

The 30 mm steel plunger has a higher heating temper-
ature than the 30 mm cast iron working body due to the
different electromotive forces given in the working
body.

Although separate plungers have no energy loss due
to heating, their use is not advisable, as they cannot
withstand high pumping pressures. Thus, for a working
body with a diameter of 23 mm, the maximum pressure
is 0.8 MPa, for a working body with a diameter of 30
mm it is 0.5 MPa.

It should also be noted that the plunger made by pow-
der metallurgy might contain different amounts of the
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metal component due to which you can adjust the mag-
netic susceptibility of the plungers.

Tables 1 — 2 show the main physical quantities that
were obtained as a result of the study. Some of the re-
sults, such as Foucault's current values, plunger heating
temperature, and pumping heating temperature, were

obtained by calculation, and the other part was obtained
as a result of the experiment. The operating time of the
solenoid winding is taken in random order. The initial
temperature of the plunger and its heating temperature,
the resistance of the solenoid winding were determined
experimentally.

Table 1 — Physical effect of the plunger temperature on the pumping of the finishing material

Magnetic flux | The maximum Retraction Pumping pres-
@, Wb heating force sure P, MPa
No Plunger type temperature F F,N
of the plunger
t,°C
Steel with diameter 23 mm 310 374 39,2 0,18
2 Cast iron with diameter 30 mm 190 264 54 0,15
3 Steel with diameter 30 mm 149 286 49 0,1
Table 2 — Physical parameters of the differential pump of electromagnetic action
Theoretical data Practical data
® ®
2 2
gl > |5 E |9 s gl | O E | g9
) ~ 2 «| E en ~ s 2w
No| FPlmger | 2515 |2 |2 | Ex 2 |26|s |2 |22 |Ew
type =T B o 2 L E| o B .| o o S | 3 SgR=!
£ 8 =) s £2| g £ 8 =t 8 &l 8 £
2o 2 5 2 5 E| 5 ERNN = 5 £c| 2 5 E
L 9| = = = o a = v 9| 2 = 3= = o a
> g = 5 5 S > g = - al g 5)
=N 8 &0 o 2| 5 s 8| = 8 = 9| &b on 20
IRz E S gc) gé =) ] .2 E S £ = gc) gé
170] = Ray wn = -
z8la |2 22|87 |28|d |£€ |EB|mE| &S
p | Steel 32 | 24 | 60 |-194 514 | 233 70 |54
d =23 mm
Steel
2 _ 27130 | 65,1 2 304 | —-29 5 13502 | 50,2 15 18 75 -7
d =30 mm
Cast iron
3 d=30 mm 58 2,1 46 -3 31 3 35 -3
Note: The sign “—“ means endothermic process.
t,°C
The graph presented in Figure 17 shows the depend-
ence of the heating temperature of the plunger on the 60T
winding resistance. Lines 1, 2, 3 are obtained by calcu- 54—+
lation and show the change in the physical parameters 45+
of steel plungers with diameters of 23 and 30 mm, and 36
cast iron plunger with a diameter of 30 mm. Analysing 271
the graphical dependencies, it can be seen a rapid in-
crease in the heating temperature of the steel plunger at 18
a constant resistance. Maximum temperatures of plung- o
ers have the following values: 320 °C, 46 °C, 304 °C. 0 . | | | |

Lines 4, 5, 6 show the dependence of the temperature
of the plungers at constant resistance, which is obtained
experimentally. The temperatures of the plungers have
the following values 70 °C, 35 °C, 75 °C.

1
3876 7752 11628 15504193802325627130 XL, OM

Figure 17 — Graph of the dependence
of the heating temperature of the plunger
on the winding resistance:

1, 2, 3 —respectively, a steel plunger with a diameter
of 23 mm and a diameter of 30 mm, a cast iron
plunger with a diameter of 30 mm (theoretical values);
4, 5, 6 —respectively steel plunger with a diameter of
23 mm and a diameter of 30 mm, a cast iron plunger
with a diameter of 30 mm (experimental values)
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Figure 18 illustrates a three-dimensional graph of the
dependence of the heating temperature of the plunger
on independent factors, built in the Excel software en-
vironment. The reactive resistance of the differential
pump winding with a step of 714 Ohms is plotted on
the abscissa axis. The heating temperature of the
plunger with a step of 17.5 °C is plotted on the ordinate
axis. The operating frequency with a step of 13 Hz is
plotted on the axis of the application. The operating fre-
quency of the plunger was found experimentally. Their
analysis allows concluding that most of the heating
temperature of the pump plunger is influenced by the
frequency of translational movements. To ensure
proper performance at balanced energy costs, it can be
recommended the following ranges of parameters: den-
sity of finishing mixture )= 1045 kg / m®; the frequency
of translational movements of the plunger of the differ-
ential pump n = 50 Hz

If the frequency of translational movements of the
working body of the differential pump will be in-
creased, on the one hand, it will lead to a sharp increase

XL, Om

13502

-
—

_ =7 10800 A~

in the heating temperature of the plunger, and on the
other hand, in the general case, to increase the pumping
intensity of the finishing material. But, given the pecu-
liarities of the studied differential pump, in which the
working body is inextricably linked with the mortar, the
increase in the frequency of its translational motion is
limited. Therefore, based on the previous considera-
tions, taking into account the graphical dependencies
(Figs. 17 — 18) and analytical expression (2), we can
recommend the operating value of the translational fre-
quency of the plunger of the differential pump equal to
50 Hz.

Comparing the experimental data (Fig. 17, lines 4, 5,
6) with the values of the heating temperature of the
plunger of the differential pump calculated by the the-
oretical dependence (4), it can be concluded that the
discrepancy in the results does not exceed 10%. More-
over, within the basic operating frequencies of transla-
tional motion (about 50 Hz) the coincidence is quite ac-
curate, which confirms the necessary accuracy of the
proposed theoretical method.

Figure 18 — Three-dimensional graph of temperature-resistance characteristics
Sit,%C=2,4617E-11+1.4*X+3,0717E-11*Y
S2 1, °C = 6,1456E-11+1,5%X+7,6 764E-11*Y
Ss t, °C = 1,2308E-11+0,7*X+1,5359E-11*Y

Conclusions

In the examination of the working bodies of the dif-
ferential pump, it should be noted that each plunger is
made of different material and therefore has a different
resistivity. A three-dimensional graph has three differ-
ent planes intersecting at a common point. Therefore,
the differential pump works productively under the fol-
lowing conditions, frequency 50 Hz, reactance 13502
Ohm, and temperature 35°C.
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The article determines dynamic load and strength of the load-carrying structure of a tank car with elastic-friction connections
in the boiler bearings and between boiler bearings and the boiler bearer. It was established that the use of elastic-friction con-
nections allows to reduce the dynamic load on the tank car by almost 36% in comparison with the prototype. The results of
stress calculation showed that the maximum equivalent stresses in the load-carrying structure of a tank car occur in the inter-
action area of the center sill with the draw-bar and do not exceed the allowable values. The conducted research will allow to
increase the operational efficiency of tank cars by reduction of operating costs, and will also promote the creation of their
innovative designs.

Keywords: transport mechanics, tank car, load-carrying structure, dynamic load, strength, fatigue strength coefficient.

Bu3zHaueHHsI HABAHTAKEHOCTi HeCY40i KOHCTPYKILil
BArOHA-LUCTEPHH NP EKCIIYATANINHNX PeKUMAX

®omin O.B.'*, Jloenka A.O.2

! IlepaBHuil yHiBEPCUTET IHQPACTPYKTYPH Ta TEXHOJIOTiH
2 YkpaiHChKuil IepKaBHUM YHIBEPCUTET 3aTi3HUIHOTO TPAHCIIOPTY

*Anpeca miis muctyBanHs E-mail: alyonalovskaya.vagons@gmail.com

[TinBuieHHs: eeKTUBHOCTI eKCIUTyaTallii 3a1i3HHYHO]T rajly3i BUMarae BOPOBA/DKECHHS iIHHOBaLIHHUX KOHCTPYKILiil pyXoMoro
CKJIaly, 30KpeMa BaroHiB. Haii0inb1 po3HOBCIOJKEHUM THUIIOM BaroHy JUlsl IEPEBE3CHHS HAIMBHUX BaHTAXIB € BarOHU-LIHC-
TepHU. Hecyda KOHCTpYKIList BaroHiB-IUCTEPH BUNPOOOBYE Ml 3HAUHUX LIMKIIYHUX HABAHTAXKEHb B eKcIutyarauil. Ile Bukim-
Kae iX MOLIKO/PKEeHHS. B MaTepianax cTaTTi HaBeACHI Pe3yJbTaTH 1100 YIOCKOHAJICHHS HECYy40i KOHCTPYKLIT BaroHa-1ucTe-
PHH IUIIXOM 3MEHLICHHS [MHAMiYHOI HABAHTAKCHOCTI MOCEPESAHULTBOM BIPOBAKCHHS IPYKHO-QPUKLIAHUX 3B S3KIB MiXK
KOTJIOM Ta ¥{0ro OmopamH, a Tako)K MiX OIopaMH Ta pamoro. s o6IpyHTyBaHHs 3alPOIIOHOBAHOTO PIlICHHS BUKOPUCTAHO
KJIACHYHI METOJH Teopil KOJMBAaHb Ta JUHAMIKM BaroHiB, METOAN PO3B’S3aHHS MH(epeHIiadbHIX PIBHAHb PYyXy, 30KpeMa,
meron Pynre-Kytra, peanizoBanuii B nporpamuomy komiekci MathCad, a Takok METOZ CKiIHYCHHX €IeMEHTIB, 3AiHCHeHNiT
B SolidWorks Simulation. IIpoBeaeHo Bu3HAa4YeHHs AMHAMIYHOT HABAHTA)XXEHOCTI Ta MIIIHOCTI HECY40l KOHCTPYKIii BaroHa-
LIMCTEPHH 3 NPYKHO-PPUKIIHHUMY 3B’SI3KaMU B ONOPaxX KOTJIA Ta MiXK ONOPaMH Ta pamMolo. BCTaHOBNICHO, 1110 BUKOPHCTAHHS
NpyXHO-(PPHUKLIHUX 3B’3KiB 103BOJISIE 3MCHIIUTH THHAMIYHY HABAaHTA)KCHICTh BArOHA-LUCTEPHU Y TIOPIBHAHHI 3 IPOTOTH-
oM Maiike Ha 36%. Pe3yspTaTi po3paxyHKy Ha MIL[HICTh ITOKa3aJIH, [0 MAKCHMaJlbHI €KBIBaJICHTHI HAIIPY)XCHHS B HECYiil
KOHCTPYKIIii BaroHa-1UCTEPHN BUHUKAIOTh B 30H1 B3aeMOii XpeOTOBOI OaJIKH 31 IIBOPHEBOIO TA HE MIEPEBHUIILYIOT AOMYCTHMHX
3Ha4YeHb. IIpu 1IbOMY MIPOCKTHHII CTPOK CITyKOU Hecy4doi KOHCTPYKLIii Oinblie Hixk Ha 20% BHILIHI 32 CTPOK CIY)XOU BaroHa-
npororury. KoedimieHT onopy BTomi 3 ypaXyBaHHSIM 3alIPOIIOHOBAHUX KOHCTPYKIIHHHX pillleHb CKiaB 4,2, 110 BABiYi mepe-
BUILIYE TonycTHMUiA. [IpoBeeHi OCiKeHHs JO3BOJIATh MiABUIIUTH e()EeKTUBHICTD €KCILUTyaTallil BArOHIB-IIUCTEPH IUISIXOM
3MEHIIEHHS BUTPAT HA yTPHUMAaHHS, 8 TAKOXK CIIPUATHMYTh CTBOPEHHIO X IHHOBAI[IHHUX KOHCTPYKILIH.

KorouoBi cjioBa: TpaHCIIOpTHA MeXaHiKa, BarOH-IIMCTEPHA, HECYda KOHCTPYKIIS, TMHAMIYHA HABAaHTAXKEHICTh, MII[HICTh, KO-
edinieHT omopy BTOMi
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Introduction

Ensuring the efficient operation of railroads' rolling
stock as a leading branch of the transport network re-
quires putting modern car designs in operation. At the
same time, promotion of competitiveness of the railway
industry leads to increased requirements not only for
technical-and-economic indicators of railroads rolling
stock, but also for the possibility of adapting structures
to the appropriate operating conditions.

One of the busiest load-carrying types of cars in op-
eration are tank cars, due to the mobility of the goods
transported in them. Most of them are tank liquid car-
gos that have their own degree of freeness due to the
tank ullage.

Review of the research sources and publications

Areas for improvement of the design of railway tank
cars are discussed in [1]. The paper presents an im-
proved design of a tank car, the outstanding feature of
which is that the boiler has conical open-end inserts and
a gapless coupler drawbar hook.

Paper [2] considers the options for design and tech-
nical solutions which may improve the efficiency of
liquid cargo transportation in tank cars. The authors of
the article have chosen the most rational schematic con-
struction, which will help increase the productivity of
tank cars usage.

It is important to say that the mentioned paper does
not propose measures to reduce the dynamic load on the
load-carrying structures of tank cars in operation.

The results of a computer-based simulation of the hy-
drodynamic load of the manhole area of the tank car are
covered in the article [3]. The paper presents the study
of the load on the joint when changing the height of the
part of the manhole shell, located inside the boiler.
However, no design solutions have been proposed to
reduce the load on the tank car boiler.

Theoretical aspects of determining the residual life of
a tank car for dangerous cargo are considered in [4].
The paper presents the structural scrutiny of load-car-
rying structures of the tank cars, which have depleted
their guideline lives. The peculiarities of tank cars’ test-
ing technique are highlighted in this research. How-
ever, the paper does not specify any solutions for the
possibility of reducing the load on the load-carrying
structures of tank cars to extend their service life.

Paper [5] considers the load on the load-carrying
structure of a tank car under operation conditions, tak-
ing into account the shunting collision of the tank car.
The authors of this scientific work have determined the
influence of liquid cargo on the dynamic load of the
boiler.

Also, the study of the impact of liquid cargo on the
load of the tank car boiler is carried out in [6]. It was
established in this scientific work that the liquid cargo
has an impact on the distribution of loads between the
front and rear wheel groups of the car. At the same time,
the authors of the above-mentioned works did not offer
any measures to reduce the load on the tank car in op-
eration.

Papers [7, 8] offer the substantiation of measures on
reduction of dynamic loading on load-carrying struc-
tures of cars at operational modes. The studies, con-
ducted regarding open railroad freight cars and plat-
form cars, confirmed the feasibility of the proposed so-
lutions. However, no measures to reduce the dynamic
load on the load-carrying structures of tank cars were
discussed in these papers.

Definition of unsolved aspects of the problem

The load-carrying structure of tank cars is subject to
the loads that occur during operating conditions. The
most common of these are vertical loads, caused by
railway line unevennesses. Due to the cyclical nature of
such loads, load-carrying structures of tank cars may
suffer damages, and hence it will lead to the necessity
of appropriation of additional costs for their mainte-
nance. This necessitates the development and imple-
mentation of measures to improve load-carrying struc-
tures of tank cars to reduce their dynamic load in oper-
ation. In order to reduce the dynamic load on the load-
carrying structures of tank cars, the authors propose the
use of elastic-friction connections between the boiler
and boiler bearings and between boiler bearings and the
boiler bearer. However, the implementation of such in-
novations at the first level requires scientific justifica-
tion and comprehensive calculations.

Problem statement

The aim of the article is to determine the dynamic
load on the load-carrying structure of a tank car with
elastic-friction connections in boiler bearings and be-
tween boiler bearings and the boiler bearer. To achieve
this goal, the following tasks should be completed:

— to determine the dynamic load on the load-carrying
structure of a tank car with elastic-friction connections
in boiler bearings and between boiler bearings and the
boiler bearer;

—to carry out stress calculation of the load-carrying
structure of a tank car;

— to calculate the design lifetime, as well as the fa-
tigue strength coefficient of the load-carrying structure
of a tank car.

Basic material and results

In order to reduce the dynamic load on the load-car-
rying structure of a tank car, it is proposed to use elas-
tic-friction connections between the boiler and boiler
bearings, as well as between boiler bearings and the
boiler bearer (Fig. 1).

To determine vertical accelerations acting on the tank
car’s boiler, mathematical modelling was performed.
The design model of the tank car is shown in Fig. 2.

When composing the differential equations of motion
of the tank car, it is stated that it moves empty, as under
such conditions the greatest load on the load-carrying
structure is observed. It is taken into account that the
railway line has viscoelastic characteristics, and the re-
actions of the railway line are proportional to both its
deformation and the speed of this deformation [9].
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Figure 1 — Arrangement of elastic-friction elements on the boiler bearings
and between boiler bearings and the boiler bearer
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Figure 2 — Calculation scheme of a tank car

Differential equations of motion of the tank car have
the following form:
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where M;— inertial coefficients of the oscillating system
elements (the load-carrying structure of a tank car, two
bogies and the boiler);

Cjj — elasticity characteristics of the oscillating system
elements, which are determined by the values of the

2)

stiffness coefficient of the springs;
Bjj — scattering function;
qi — generalised coordinates corresponding to the trans-
lational displacement relative to the vertical axis, the
car’s boiler, the first and second set of wheels;
k — railway line stiffness;
f is the damping coefficient;
Fr— frictional force in the spring grouping;
oi — deformations of springing elements of the spring
hanger; #(?) is the unevenness of the railway line.
In the equations of motion (1) — (3) we accept:

Z;~ q; — the coordinate that characterises the transla-
tional movements of the load-carrying structure of a
tank car relative to the vertical axis;

Z>~ q> — the coordinate that characterises the transla-
tional movements of the first car facing the engine and
relative to the vertical axis;

Z3~ q3 — the coordinate that characterises the transla-
tional movements of the second car facing the engine
and relative to the vertical axis.
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The connection of the boiler with boiler bearings, of
boiler bearings with the boiler bearer and of the boiler
bearer with the travel carriage was described as a serial
elastic coupling (Fig. 3):

2k; -2k, - 2k;

2k +2k, +2kp @)

where k; is the stiffness of the springs between the
boiler and boiler bearings;

k, — stiffness of springs between boiler bearings and the
boiler bearer;

kr — stiffness of the springs of the spring hanger.

l RV(SI)

kk kk

kr

Figure 3 — The scheme of load transfer
from the tank car boiler to the bogies
(R, - vertical static load)

It is taken into account that the rigidity of the connec-
tion between the boiler and its bearings, boiler bearings
and the boiler bearer, between the boiler bearer and the
travel carriage is described as parallel coupling. That is,
the total stiffness between the boiler and its bearings is

d d
~F,-| sign| %5, |+sign| =-5,||-C v -C,-y,—-C,-
TP [Slgn[dt 1] Slgn(dt 2)) 11 yl 1,2 y3 1,3 yS

2k, between boiler bearings and boiler bearer — 2k, be-
tween the boiler bearer with the travel carriage — 2kr.

Railway line unevenness was described by a periodic
function [9]

d
=—(—-cosar),
2( )

n(t) 6]
where d is the unevenness depth, which is given;
w is the oscillation frequency.
The input parameters to the mathematical model are
given in table 1. The calculations were carried out

based on the parameters of the car model 18-100.

Table 1 — Input parameters to the mathematical model

Parameter name Value
LOAD CARRYING STRUCTURE
mass, t 14,9
CARS
mass, t 43
spring hanger stiffness, kN/m 8000
relative friction coefficient 0,1
RAILWAY LINE
damping factor, kN s/m 200
stiffness, KN/m 100000
unevenness amplitude, m 0,01
unevenness length, m 25

The calculation was made for a tank car model 15-
1443-06.

The solution of the differential equations of motion
(1) —(3) was carried out in the MathCad software pack-
age [10 —12].

The initial motions and velocities are set to zero.

The solution of the model in the MathCad software
package was complied in the following form:

Y
Yy
Vs

M
F(t,y)= ! 5 (6)
F,, -si n(d5)+k( + )+ﬂ(d 4 j—C ,-C,,-y,—B,,"
P g dt 1 771 772 dt 77] dl‘ 772 2.1 yl 2,2 y2 2,2 y4
MZ
. d d d
FTP 'Slgn(w5zj+k(773 +’74)+ﬁ(dt773 +dt774j_c3.1'y1 _C3.3 Vs _B3.3 Ve
L M3 .
Z = rkfixed (Yo, t, t, n, F).
With yy=q,, y3=43, ¥s =45, Y2 =1, Y4 =3, V6 =Vs,
The results of the calculation are shown in Fig. 4, 5.
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Figure 4 — Acceleration of the load-carrying structure in the centre of inertia
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Figure S — Acceleration of carts

The maximum vertical acceleration of the load-carry-
ing structure of the empty tank car is 1.35 m/s? (0.14 g),
and the carts — 8.91 m/s? (0.91 g). Based on the calcu-
lations, it can be concluded that the run of the car is
assessed as “excellent” [13, 14]. At the same time, the
use of elastic-friction connections allows to reduce the
dynamic load of the tank car by almost 36% in compar-
ison with the prototype. The total stiffness of the elastic
connection between the boiler with boiler bearings, of
boiler bearings with the boiler bearer and of the boiler
bearer with the travel carriage must not exceed
4360 kN/m.

At the next stage of the study, the strength of the load-
carrying structure of a tank car was calculated.
Graphic work was carried out in the software package
“SolidWorks”.

The calculation was performed by the finite element
method in the “SolidWorks Simulation” software pack-
age.

The finite element model of the load-carrying struc-
ture of a tank car is shown in Fig. 6. The optimal num-
ber of grid elements was determined by the grapho-an-
alytical method [15, 16]. Spatial isoparametric tetrahe-
dra were used as finite elements [17-19]. The number
of grid elements was 721195, the number of joints —
232420. The maximum size of the grid element is
40 mm, the minimum — 8 mm, the maximum ratio of
the sides of the elements — 93.724, the percentage of
elements with the ratio of the sides less than three —
21.8, more than ten — 0.414.

The design model of the load-carrying structure of a
tank car is shown in Fig. 7. Determination of the
strength of the load-carrying structure of a tank car was
carried out for the first design mode — “jerk — tension”.
It is taken into account that the load-bearing structure
is subjected to a longitudinal load P, which is applied
to the front draft lugs of automatic couplers and is equal
to 2.5 MN, liquid cargo pressure is Pp, and vertical load
is Py, which takes into account dynamic load, deter-
mined by mathematical modelling. The rate of acceler-
ation, acting on the load-carrying structure of a tank car
when moving in the loaded state was about 3.0 m / s?
(0.3 g).

The fastening of the model was carried out in the ar-
eas of resting on the carts. The construction material is
grade steel 09G2S. The results of the stress calculation
are shown in Fig. 8 and 9.

The maximum equivalent stresses occur in the area of
interaction of the center sill with the draw-bar and are
about 250 MPa and do not exceed the allowable equiv-
alent stresses [13, 14]. The maximum displacements
were 8.3 mm and were concentrated in the manhole
area.
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Figure 6 — Finite element model of the load-carrying structure of a tank car

Figure 7 — The design model of the load-carrying structure of a tank car
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Figure 8 — Stress state of the load-carrying structure
of a tank car in the first design mode (“jerk”)
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Figure 9 — Displacements in the joints of the load-carrying structure
of a tank car in the first design mode (“jerk”)

To determine the operational life of the tank car we
used the method, described in [20]:

()

B'fe 'O_sw[kdv +IV?J

[ea

T =

n

(7

where o:;p is the average value of the endurance limit;
n is the allowable assurance coefficient;

m is the degree of fatigue curve;

Ny — test base;

B — coefficient that characterises the time of the object’s
continuity of service in seconds;

s — effective frequency of dynamic stresses;

osw — stress from static weight load;

kav — coefficient of vertical dynamics;

Wo — sensitivity factor;

K, is the total coefficient of reduction of fatigue
strength.

When determining the amplitude of equivalent dy-
namic stresses, we took into account the coefficient of
influence of lateral forces equal to 1.1.

The following input parameters are taken into account
in the calculations: o.;p = 245 MPa; n = 2; m = §;
No=107; B=3.0-10°s; £, = 2,7 Hz; w,/K, = 0,2.

The strength calculation was performed to determine
the stresses from the static weight load of the load-car-
rying structure of a tank car. It was established that the
maximum equivalent stresses in the load-carrying
structure of a tank car are 87.5 MPa.
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In this case, the design lifetime of the load-carrying
structure of a tank car is more than 20% higher than the
design lifetime of the prototype car. It is important to
say that the obtained value of the design lifetime should
be specified taking into account additional studies of
the longitudinal load of the load-carrying structure of a
tank car and experimental (field or benchmark tests)
studies.

Also in the framework of the study, the fatigue re-
sistance of the load-carrying structure of a tank car was
calculated.

The calculation of fatigue resistance was carried out
taking into account the assurance coefficient n by the
formula [21]:

n=270>[n], (8)

O, e

where o, is the calculated value of the amplitude of
dynamic stress of the conditional symmetric cycle, re-
duced to the base Ny, equivalent in damaging action to
the value of the amplitudes in the real mode of random
operating tensions during the design lifetime, MPa;
[n] — allowable factor of safety against fatigue failure.
The calculation results showed that there is a proba-
bility of occurrence of stresses with a level of o, that
is 0.95 values of o, = 58.3 MPa. Hence the coefficient
of fatigue resistance is 4.2. However, due to the lack of
experimental data, the allowable value of the coeffi-
cient of fatigue resistance is assumed to be 2.2. There-
fore, condition (8) is met and the fatigue strength of the
load-carrying structure of a tank car is provided.

Conclusions

1. Determination of the dynamic load of the load-car-
rying structure of a tank car with elastic-friction con-
nections in the boiler bearings and between the bearings
and the boiler bearer was carried out. It was established
that the maximum vertical acceleration of the load-car-
rying structure of an empty tank car is 1.35 m/s?
(0.14 g), and carts — 8.91 m/s? (0.91 g). At the same
time, the use of elastic-friction connections allows to
reduce the dynamic load of the tank car by almost 36%
in comparison with the prototype.

2. The stress calculation of the load-carrying structure
of a tank car was carried out. The maximum equivalent
stresses occur in the area of interaction of the center sill
with the draw-bar and are about 250 MPa and do not
exceed the allowable stress values. The maximum dis-
placements were 8.3 mm and were concentrated in the
manhole area.

3. The calculation of the design lifetime was made, as
well as of the coefficient of fatigue resistance of the
load-carrying structure of a tank car. It was established
that the design lifetime of the load-carrying structure of
a tank car is more than 20% higher than the design life-
time of the prototype car. The coefficient of fatigue re-
sistance was 4.2, which is twice as allowable.

The conducted research will allow to increase the op-
erational efficiency of tank cars, and will also promote
the creation of their innovative designs.
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Continuous steel reinforced concrete structures with the use of monolithic reinforced concrete slab as a compressed part of the
section and steel profile part as stretched are widely used in civil building. However, the continuous monolithic reinforced
concrete slab is uneven due strength to the different values of the support and span moments of the extreme and middle spans.
The conducted experimental researches confirm expediency of the development of a two-stage method of manufacturing (con-
creting) of continuous multi-span monolithic reinforced concrete slab on fixed formwork (the first stage - concreting of the
middle span; the second stage - concreting of the extreme spans) in order to balance the level of deflections in all spans slab.
The proposed method allows to effectively use the load-bearing capacity of the continuous slab's reinforcement with the same
support installation step of the steel reinforced concrete floor.

Keywords: civil building, experimental research, steel concrete continuous slab, two-stage method of concreting.
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BaraTtonporinzi 3ruHaHi cTane3ani300eTOHHI KOHCTPYKIIT i3 32aCTOCYBaHHSAM MOHOJITHOI 32113006 TOHHOT IUTHTH Yy SIKOCTI CTH-
CHYTOT YaCTHHH Iepepizy Ta cTaneBoi mpodiIbHOI YaCTHHHU y SKOCTI PO3TATHYTOI J0Ope 3apeKoMeHayBau cebe 3a paxyHOK
BHCOKOI TEXHOJIOTIYHOCTI BIIALITYBAaHHS Ta 3HAYHOI EKCIUTyaTal[iiHOT HeCy4o1 3[JaTHOCTI SIK B IMBLIBHOMY, TaK i B IPOMHUCIIO-
BoMy OynaiBHuUTBI. [IpoTe HEpo3pi3Ha MOHOJITHA 3a1i300€TOHHA [UIUTA, [I0 BIALITOBAHA I10 CTAJIEBHX 0ajKax PO3MILICHHUX 3
OJIHaKOBUM KPOKOM, i/l Ai€I0 eKCIUTyaTaliifHOro HaBaHTAXXCHHS [IPY OJHAKOBOMY apMyBaHHI KpaiHiX i cepeaHiX MpobOTiB
Ma€e He OJHAKOBHUI PiBEHb HATPYKEHb 32 PAXyHOK Pi3HHX 3HAUCHb OMOPHUX Ta MPOJHOTHUX MOMEHTIB KpaifHiX i cepemHix
NPOJIBbOTIB. 3MEHIICHHS KPaiHiX MIPOJIbOTIB HIIIXOM 3MIHHOTO KPOKY BCTAHOBJICHHS CTAJICBUX 0AJIOK € HE3PYYHHM i3 TEXHO-
JIOTIYHOI TOYKH 30pY, TaK SK BUMarae JOJATKOBHX IHIMBIIyalbHUX KOHCTPYKTUBHHUX DilllCHb BIALITYBaHHS HEPETYISPHHX
orop mix ni 6anku. J{s BpiBHOBa)XKEHHS PiBHSI BUKOPHCTAHHS HECY4O0I 3aTHOCTI MOHOJIITHOI IUTUTH HEPO3Pi3HUX OaraTorpo-
TIHHHX CTaJIe0eTOHHUX IUTUT 3alIPOIIOHOBAHA IBOSTAIIHA METOJUKA X BUrOTOBJIEHH: (OeToHyBaHH:). CyThb miel MeToquku Oe-
TOHYBaHHsI IIOJISITa€ Y CTBOPEHHI HOMEPEeIHIX CAaMOHAIIPYKEHb (HANPYKEHb, IPOTHUIICKHUX TUM, 110 BUHUKATUMYTh Yy IpoLeci
eKCIUTyaTallil) CTPYKTYpPHUX YaCTHH KOHCTPYKLIi BUKIIOYHO BiJ TX BIIACHOI Baru Ta TEXHOJIOTIi BUTOTOBJIEHHs Ge3 3acTocy-
BaHH IHIIUX 3aXOJiB MONEPEIHBOI0 HAMPYXKEHHs (MEXaHIYHOTO, eJIEKTPOTEPMITHOTO YH eJIeKTpOoTepMOMeXaHiqHoro). ITix
Yac nepuIoi Yeprd BUTOTOBJICHHS IUIMTH BUKOHYETHCS OCTOHYBAHHS CEPEJHBOTO IPOJIbOTY B XOJ1 SKOTO BiJl BIACHOI Baru
0ETOHY CTBOPIOIOTBCS IIONEPEIHI CAMOHAIPYXKEHHSI CTaJIeBOl YaCTUHU Iepepily KpalHiX MpOJibOTiB (BUTHMH BBEpX CTajIeBOL
YaCTHHH IIPOTUIISIKHO eKCILTyaTamiiHomy). Ilicis Habopy GeToHOM mepiroi uepru 6eTOHyBaHHS MIITHOCTi, BAKOHY€ETHCS ApyTa
yepra GeTOHYBaHHI KpaiHIX IIPOIBOTIB B XO/II YOTO CTBOPIOIOTHCS MOIEPEIHI CaMOHANPYKEeHHsI OETOHHOI YaCTHHH Hepepizy
BUT'OTOBJICHOTO 32 MEPIINM E€TAallOM CEPEIHBOIO MPOJbOTY (BUI'MH BBepX OeToHHOI YacTiHH). [IpoBeeHi ekcriepuMeHTalbHi
JOCII/DKCHHS IBOX 3Pa3KiB HEPO3Pi3HUX TPUIPOTiHHUX CTaJeOCTOHHUX IUIMT, BUTOTOBJICHUX 32 3alIPOIIOHOBAHOIO JBOCTAII-
HOIO METOJMKOI0, MiATBEPANIIH, 110 32 PaXyHOK 3MIiHHOI B IIPOLIECi BUTOTOBIICHHSI )KOPCTKOCTI MEPEPi3iB CEPEeAHBOTO Ta Kpaii-
HIX HPOJIBOTIB IUTUTH MOXKJIMBO BPiBHOBA)KYBAaTH PiBEHb OJHOYACHOTO BHUYEPITyBaHHS HECY4Ol 3AaTHOCTI IUIMTH Y BCiX IPO-
JTBOTAX

Kawu4osi ciioBa: neoeranuuii MeTo OETOHYBaHHS, EKCIIEPUMEHTAIBHI JOCIIIKCHHS, CTAICOCTOHHA HEPO3pi3Ha TUIUTA, -
BUIbHE OYIIBHHUIITBO
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Introduction

Bent steel reinforced concrete structures consist of
steel load-bearing beams, which work mainly in ten-
sion, and a concrete shelf, which works in compression
and at the same time performs the functions of a rigid
disk and a solid plate. These constructions are widely
used in civil and industrial buildings [1]. To increase
the size of the spans and reduce the cross section of the
floor slabs, the latter performs a continuous static-inde-
terminate multi-run scheme. Also to reduce the cross-
sectional height of the steel beam, it is combined for
joint work with the concrete shelf with the help of spe-
cial design solutions. Combining steel and concrete
cross-sectional parts of the structure into joint work in-
creases the overall load-bearing capacity and reliability
of the structure [2-3].

Thanks to a specially structure or technology for the
manufacture of bent steel reinforced concrete structures,
scientists achieve in them the redistribution of stresses
between their structural parts and the self-stress of indi-
vidual elements from their own weight or mounting tech-
nology [4]. Thus, preliminary self-stresses are created,
opposite to those that arise during the operation of struc-
tural parts of steel reinforced concrete structures.

Review of the research sources and publications

Preliminary stresses in steel concrete structures can be
created by the following measures: use of stress cement
for preparation of concrete mortar [5], provision of de-
sign measures for additional compaction of fresh con-
crete mortar (centrifugation in individual tubular con-
crete elements of spatial steel concrete structures) [6], or
for preliminary reinforcement (sprungs) [7-8], changes
the free-body diagrams of the transverse frame [9-10],
changes in the geometric characteristics of the section or
the design scheme of the elements in the manufacturing
process, specially developed step-by-step technology for
the manufacture of structures [11], etc.

High-tech and high load-bearing capacity are distin-
guished by reinforced concrete planar structures with
the use of profiled decking as a fixed formwork and ad-
ditional reinforcement of the slab [12-13].

Definition of unsolved aspects of the problem

Continuous monolithic reinforced concrete slab, ar-
ranged on steel beams placed with the same pitch, un-
der the action of operating load with the same reinforce-
ment of the extreme and middle spans has not the same
stress level due to different values of reference and span
moments of the extreme and middle spans. Reduction
of extreme spans by a variable step of installation of
steel beams is inconvenient from the technological
point of view as it demands additional individual con-
structive decisions of the device of irregular support un-
der these beams.

Problem statement

The purpose of this work is to develop and experi-
mental study of a special method of concreting two
stages of continuous three-span monolithic slab of re-
inforced concrete structure, which will create a pre-
stress opposite to that which will occur during opera-
tion, structural parts of the structure solely from their
own weight and manufacturing technology without
other mechanical, electrothermal or electro thermome-
chanical pre-stressing measures.

Research methods

A set of complementary methods of theoretical and
experimental research was used to solve the defined
tasks and achieve the set goal:

— methods of system and comparative analysis in the
development of the prototypes design of reinforced
concrete slabs;

— experimental methods for studying the stress-strain
state and load-bearing capacity in tests of preliminary
self-stressed reinforced concrete slabs;

— methods of mathematical statistics in the analysis of
the experimental studies results of preliminary self-
stressed reinforced concrete slabs.

Basic material and results

To optimize and balance the level of the load-bearing
capacity of the monolithic slab in steel reinforced con-
crete bent structures, it is proposed to use a two-stage
method of installing a monolithic slab in the reinforced
concrete floor.

During the first stage of concreting (see fig. 1, a), a
monolithic concrete slab is arranged through the span.
Usually, first of all, it is necessary to concrete medium
spans as during operational loading they have a greater
margin of bearing capacity (see fig. 1, c¢). The grips'
width in the monolithic plate arrangement is adjusted ac-
cording to the location of zero bending moments’ points
on the diagram of internal forces along the beam’s
length. It should be noted that the options for concreting
grippers allow making these supports at the time of the
second stage of concreting more rigid or hinged (so-
called "imaginary hinges" are created). At this stage, the
steel part of the section (steel beams or profiled sheet) in
the concreting areas from the weight of freshly laid mor-
tar bends down and thus causes other parts of the section
steel part in the "free" spans to bend up.

After the concrete gains the design strength of the first
stage, perform concreting of the floor and other parts. At
this stage (see fig. 1, b), the concreting areas are bent
downwards due to the weight of freshly laid concrete,
thus forcing the sections of the concreting first stage (al-
ready reinforced concrete section) to bend upwards. At
this stage, the deflections values in adjacent spans can be
adjusted by steel and reinforced concrete sections’ stiff-
ness, as well as the supports sections’ stiffness.

The expected resource-saving result of the developed
monolithic slab installation method: it is possible to cre-
ate preliminary stresses opposite to the operating stresses
in the steel part of the floor section, located in the spans
of the concreting second stage, and the monolithic rein-
forced concrete slab of the concreting first stage.
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Figure 1 — The stages of the manufacturing preliminary self-stressed steel concrete slab

For experimental research of the offered technique of
the monolithic plate installation, two samples of rein-
forced concrete continuous slabs were made on non-re-
movable formwork from profiled steel sheeting, ar-
ranged according to a three-span scheme. Three spans
lengths are equal: 1900-1900-1900 mm. Two test sam-
ples were made and tested in two stages. First, the mid-
dle span was concreted, and after the concrete strength
of this design set, the extreme spans were concreted.
The two samples differed in the grippers’ width at the
two concreting stages, as shown in Fig. 2-3.

The first experimental sample steel reinforced con-
crete slab is marked 1,7-2,3-1,7 CRCS 0,53%6,0
(see fig 2). For the first sample, the length of the section
of the concreting first stage was equal to 2300 mm (see
fig 2, b). This length comes out on 1/10 of the span out-
side the middle supports to the extreme spans. Accord-
ingly, the length of the concreting second stage was
1700 mm (see fig 2, c). For this sample at the time of
the concreting second stage, the middle supports were
more rigid compared to the stiffness of the span parts
of the outer spans’ slab. That is the middle supports
were relatively rigid.

The second experimental sample steel reinforced con-
crete slab is marked 2,1-1,5-2,1 CRCS 0,53%6,0
(see fig 3). For the second sample, the length of the sec-
tion of the concreting first stage was equal to 1500 mm
(see fig 3, b). This length comes in on 1/10 of the span

to the middle span. Accordingly, the length of the con-
creting second stage was 2100 mm (see fig 3, c).
For this sample at the time of the concreting second
stage, the middle supports had the same stiffness as the
stiffness of the span parts of the outer spans’ plate. That
is a "nominal hinge" was artificially created on the mid-
dle supports.

The overall size of the samples in the plan was
6,0x0,53 m. The external fixed formwork was profiled
steel sheeting type K35-0,5 (here 35 is the height of the
profiled steel sheeting in mm; 0.5 is the thickness of
this profiled steel sheeting in mm). The height of the
concrete shelf above the upper corrugation of the pro-
filed flooring was 35 mm. Thus, the total height of
plates was equal to 70 mm.

Reinforcement of the monolithic slab is made of rods
with a diameter of 4 mm in the stretched zone of con-
crete in each wave of the profiled flooring (see Fig. 4,
a). The yield strength of this rods steel equals
1300 MPa. For joint work of the profiled steel sheeting
and a concrete slab used vertical anchors with a diame-
ter of 4 mm and a length of 60 mm (see Fig. 3, a-b),
installed in each wave of the profiled steel sheeting with
a step of 100... 200 mm (see Fig. 4, b). The top of the
adjacent waves’ anchors was connected in the trans-
verse direction by rods with a diameter of 4 mm and
length of 500 mm.
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First experimental sample 1,7-2,3-1,7 CRCS 0,53x6,0
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Figure 2 — First experimental sample of steel reinforced concrete three-span continuous slab
on a non-removable formwork from a profiled steel sheeting:
a) scheme of grippers concreting samples; b) view of the sample after the first stage of concreting;
c) view of the sample after the second stage of concreting
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Figure 3 — First experimental sample of steel reinforced concrete three-span continuous slab
on a non-removable formwork from a profiled steel sheeting:
a) scheme of grippers concreting samples; b) view of the sample after the first stage of concreting;
c) view of the sample after the second stage of concreting
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Figure 4 — Reinforcement of one monolithic slab span:
a) general view; b) the step of installing anchors in the lower wave of the profiled steel sheeting
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Measuring instruments during the research were in-
stalled symmetrically, taking into account the possibil-
ity of duplication of different instruments readings at
characteristic points, in areas with the most expected
values of deformation, or areas of possible destruction.
When the load reached 80% of the limit, devices that
could be damaged were removed from the sample.

To measure the vertical deflections of the profiled
steel sheeting during concreting from the own weight
of freshly laid concrete mortar and during the experi-
mental load, clock-type indicators IC-10 were used. Di-
vision price of indicators IC-10 equal 0.01 mm. Limit
of displacement measurements of indicators IC-10
equal 10 mm. Figure 5 shows the layout of the indica-
tors along the length of the samples.

Experimental samples loading of reinforced concrete
slabs was carried out at the age of concrete for more
than 28 days. Prior to the tests, the readiness of the test
rig was tested: the correct position of the test structure,
test loads of the structure check the correctness of the
installation of devices and their ability to measure de-
formations, ease of loading structures, and ease of read-
ing on measuring instruments, consistency of test crew
members.

The loading was performed by artificial small-sized
loads — ceramic hollow bricks (see Fig. 6). To deter-
mine the weight of the brick, a selective weighing was
performed: 5 bricks out of each 50 bricks used (i.e. ap-
proximately 1/10 of the total number of bricks used for
loading were weighed).
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Figure S — Scheme of installation of clock-type indicators IC-10

As a result of experimental studies of two samples of
steel reinforced concrete slabs, a significant amount of
information on their deformability and strength under
different schemes of their loading is presented. The fol-
lowing are only the most characteristic results for each
sample with a uniform length of loading.

According to the results of previously conducted sep-
arate studies of physical and mechanical characteristics
of the materials used, it is established that the materials
(steel and concrete) adopted for the manufacture of test
samples have physical and mechanical properties char-
acteristic of materials used in building design. The var-
iability of concrete strength according to the results of
tests of standard cubes, depending on the design class
and group of samples was 8.05-21.4%; variability of
steel strength was 2.7-4.7%.

Experimental studies of samples of steel reinforced
concrete slabs were delayed in time, which is associated
with the time of a concrete set of monolithic reinforced
concrete slabs of design strength. Manufacturing,

namely concreting of samples of reinforced concrete
slabs, was performed in two stages (see fig. 2-3).
Therefore, the total production time of samples of steel
reinforced concrete slabs was about two months. In the
manufacturing process at each stage of concreting were
measured deflections in the characteristic cross sections
of'the sample by weight of freshly laid concrete mixture
(see Fig. 5). Below is an analysis of the change in de-
flections along the length of the sample during the two
stages of manufacture and the actual payload.

When loading only the profiled steel sheeting type
K35-0,5 brick, deflections of the extreme spans of the
plate were 3.8 times less than the deflections in the mid-
dle span.

For sample Nel with concreted middle supports in the
first stage of production, the weight of the concrete
mortar of the second stage (concreting of the extreme
spans) did not affect the deflections of the middle span
(see Fig 7). However, during the payload of this sam-
ple, the deflections were leveled in all three spans.
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For sample Ne2 with non-concreted middle supports
at the first stage of production, the weight of the con-
crete solution of the second stage (concreting of the ex-
treme spans) equalized the deflections in all three spans
(see Fig. 8). However, during the payload of this sam-
ple, the deflections of the extreme spans were 1.75
times greater than the deflections of the middle span.

Figures 7 and 8 show graphs of maximum deflections
along the length of samples of steel reinforced concrete
slabs at the end of the two stages of concreting and at
maximum load with a small load — hollow ceramic
brick.

As can be seen from these graphs of deflection
changes, the arrangement of concreting of the first stage
outside the middle supports allows to regulate the de-
velopment of deflections in the extreme and middle
spans and as a result, balances their values in order to
simultaneously exhaust their load-bearing capacity.

Due to the two-stage method of manufacturing steel re-
inforced concrete slabs, it is possible to change the stiff-
ness of the sections in the manufacturing process and
thus achieve optimal deflections along the length of the
continuous structure.

The destruction of steel reinforced concrete slabs oc-
curred suddenly as a result of cracks in the upper zone
of concrete on the middle supports, in the area of max-
imum bending moment in the stretched area in the up-
per section fibers.

Thus, the used test method and the adopted measuring
instruments and schemes of their placement allowed to
obtain the necessary objective experimental data on the
development of deformations and the nature of the de-
struction of the studied samples.

Point along the length of the sample , m
0 0.95 1.9 2.85 3.8 4.75 5.7
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Figure 7 — Change of deflections along the length of the first sample 1,7-2,3-1.7 CRCS 0,53%6.0
at the end of two stages of concreting and at maximum payload
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Figure 8 — Change of deflections along the length of the second sample 2.1-1.5-2,1 CRCS 0,53%6.,0
at the end of two stages of concreting and at maximum payload

Conclusions

According to the results of tests of samples of rein-
forced concrete slabs to study the effect of the two-stage
method of concreting monolithic slabs of reinforced con-
crete bent structures on the balance of the level of use of
its load-bearing capacity, the following is:
— developed a two-stage method of concreting of con-
tinuous multi-span monolithic reinforced concrete slab
on fixed formwork (the first stage — concreting of mid-
dle span; the second stage — concreting of extreme
spans) allows to adjust deflections to balance the level
of depletion in all bearing capacity of the slab;

— installation of concreting of the first stage (concreting
of the middle span of the slab) outside the middle sup-
ports, allows to regulate the development of deflections
in the extreme and middle spans by changing the stiff-
ness of the cross section on the supports;

— the proposed method of uniform use of the bearing
capacity of three spans can reduce deflections or in-
crease the payload by 35%.
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