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Every year the use of vibrating and vibro-impact equipment becomes more and more common. This machinery is successfully
used in the construction of solid foundations for a different building. The main element of these vibrating machines is
an unbalanced vibrator. We considered the operation of the unbalanced vibrator in the interaction of mechanical and electro-
magnetic processes and the result was obtained as a mathematical model of dynamic processes during working the vibrator.
The developed mathematical model makes it possible to carry out the analysis of the transients during the operation of the
unbalanced vibrator, taking into account the inseparable interaction of the electric machine and the mechanical part of the drive.

Keywords: dynamics, mathematical model, oscillations, static moment, unbalanced vibrator, vibrating deepener, vibrating
hammer, vibration

JocaigkeHHs: AMHAMIKH Je0aJIaHCHOTO BiOpaTopa
3i SMIHHUM CTATHYHHM MOMEHTOM

Jlrorenxo B. €.'*, Pyauk P. 10.%, Hacy/ioes 1113

1,23 HanionansHuii yHisepcuret «Ilonrasceka nonitexnika imeni IOpis Kongpartioka»
*Anpeca s muctyBanHsa E-mail: viutik@ukr.net

3 KO’KHMM pPOKOM Bce Oinble HaOyBae BUKOpUCTaHHS BiOpamiiiHoro Ta BibpoynmapHoro oGmamHanHA. Ll TexHika ycHINIHO
BHUKOPHUCTOBYETHCS MIPU CHOPY/DKEHHI HagiiHUX (yHIAMEHTIB mif pi3Hi cnopyau. OCHOBHHM €JIEMEHTOM LMX BiOpariiHuX
MalInH SBISIEThCS AebataHcHui BiOpaTop. B nanuii uac, npu npoektyBaHHi gebanaHcHUX BiOpaTOpiB AMHAMIuHI (akTOpH IPU
X eKcIutyaTanil He BpaxoByrOThCs. ToOMy HaIHICTh MOXKHA MIZBUILUTH, SKIIO HA CTAAIl X MPOEKTYBaHHS BPaXOBYBaTH XBH-
JIBOBHI XapakTep HaBaHTaXeHb. PoboTa JebanaHcHOro BiOpaTopa HaMK po3riisAanacs y B3a€MOJIT MEXaHIYHHUX 1 elIeKTpoMa-
THITHHX IPOLECIB 1 B pe3yibTarti Oysia OTpIMaHa MaTeMaTHYHa MOJIETb IMHAMIYHUX MIPOIECciB py poOoTi BibpaTopa, kKoTpa
BKJTIOYAJIa HeNiHINHI qudepeHIianbai piBHIHHS pyXy Mac BibpaTopa i JiHiliHe AudepeHmialbHe pIBHIHHS eIeKTPOMAarHITHIX
SIBUII B IBUTYHI HOTO NpHBOXY. MOXKHA aKIEHTYBaTH, IO BiOpamifHOMY a TakoX BiOpOyZapHOMY METOIy MaJlo MPUILICHO
yBaru i mmpoxa iHopMarist IpakTHIHO BiACYTHS. TOMY SIBISIETBHCS aKTyaJIbHAM CTBOPEHHS IPOIYKTHBHUX 3pa3KiB BiOpaTo-
piB, METOUK TX PO3PaxXyHKIB i IPOBEICHHSI HAYKOBUX JOCIIIKSHb JMHAMIKH POOOYHX MPOLECIB KX MAIIMH Ha LIO i HATIPaB-
neHa naHa po6ota. [Ipu po3paxyHKy BiOpaTopiB Ha CTaTHYHY H YTOMIICHY MILHICTh KOJMBAJIbHI IPOLIECH KOHCTPYKIIiH Ta 1X
JMHaMi4HI HaBaHTaXXEHH:, B LIl yac, He BpaxoByloThcs. OnHaK 1X HeCydy 37aTHICTb MOXKHA 3HAYHO MiABHUIIMTH, SKIIO Y
po3paxyHKax MpH iX MPOEKTYBaHHI BpaXOBYBAaTH IXHI aMILIITYJHO-4aCTOTHI XapaKTePUCTHKHU. BiJCyTHICTb K YTOUHEHOI Me-
TOJHKHU PO3paxyHKy AeOalaHCHHUX BiOpaTOpiB CydacHHX BiOpaIifHUX MAIINH YCKIAIHIOE IXHE IPOEKTYBAaHHS 1 €KCIUTyaTallilo.
MeTor0 cTarTi € BHCBITJCHHS pE3YJbTaTiB MaTeMaTHYHOIO MOJICTIOBAHHS KOJMBAIBHUX IPOLECIB MPH JOCIIDKCHHI
nebaaHcHOTO Bibparopa 3i 3MiHHHUM CTaTHYHMM MOMEHTOM Ta BH3HAUCHHS JMHAMIYHMX HaBaHTa)XCHb HA HOTO CJIEMEHTH.
B po6oTi TeOpeTHYHO OCTIIKEHO, 3 BHKOPHCTAHHSIM MaTeMaTHYHOT0 porpaMHoro 3actocyHky MathCAD, nuHaMiky mMexa-
Hi3My IpUBOAA Ae0aTaHCHOTO BiOpaTopa i OTPEMaHO PEe3yJIbTAaTH SIKi MOXKYTh OyTH BUKOPHCTaHI IIPU MPOEKTYBaHHI, PO3paxy-
HKY Ta BU3HA4YCHHI AWHAMIYHUX HaBaHTa)KeHb MOMIOHHUX BiOpaTOpiB BiOpalifHUX MAIINH.

Kuro4oBi ci1oBa: quHaMika, MaTeMaTHIHA MOJICIb, KOJIMBAHHS, CTATHYHUI MOMEHT, icOaaHCHHHN BiOpaTop, BiOpo3arinoIro-
Bad, BiOpoMoIIOT, BiOparis
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Introduction

In our time, unbalanced vibrators have become
widely used, which are the basis of vibrating machines
used in construction and agriculture. Unbalanced vibra-
tors have become especially widely used in vibrating
deepeners and vibrating hammers in the construction of
pile foundations for various buildings and structures.
But modern requirements for such vibrating machines
require changing their vibration parameters during
working. Therefore, the creation and research of unbal-
anced vibrators with variable static moments are rele-
vant.

Review of the research sources and publications

As we noted earlier, nowadays, much attention is paid
to vibration machinery, which is successfully used, es-
pecially in the construction of foundations and piles.
Much attention is also paid to the improvement of vi-
bration machineries using unbalanced vibrators.
To perform the above, you should constantly study the
vibration machinery and its main component - the un-
balanced vibrator.

Recalling the past, it should be noted that the theoret-
ical foundations of the creation of vibrating machines
were laid in the former Soviet Union, as well as the
post-Soviet society and modern Ukraine. The following
prominent scientists and leading engineers, such as
Artobolevsky I., Babichev A., Bliekhman 1., Bykhovskyi I.,
Honcharevych 1., Kriukov B., Lavendel E., Lanets O.,
Nadutyi V., Nazarenko I., Spivakovskyi A., Strelnikov L.,
Panovko Y., Povidailo V., Poturaiev V., Franhuk V.,
Sergieiev P. and others.

In the '50s, the leadership in the field of vibration ma-
chinery was for scientists in Western Europe and North
America. But, for some time, domestic scientists have
already been ahead of foreign scientists in the main ar-
eas.

A significant contribution to the improvement of un-
balanced drives of vibrators was made by scientists of
the National Mining University and the Institute
of Geotechnical Mechanics Kriukov B., Franhuk V.,
Nadutyi V., including their supervisor, Academician
Poturaiev V. [1]. Their main assets focused on the im-
balance drive, which required the development of sim-
ple structures with big perturbing forces for bulky vi-
brating machines of the mining industry.

The creation of methods and calculation methods, in-
cluding experimental samples, was carried out by sci-
entists of the Kyiv School of Vibrotechnics Chubuk Y.,
Nazarenko 1., Yakovenko V. [2] and others. Their
created vibrotechnics were successfully used for the
consolidation of concrete mixes in the construction
industry.

The creation of three-mass vibrating machines was
carried out by scientists and leading engineers of Lviv
Polytechnic Bespalov A., Havrylchenko O., Povidailo V.,
Silin R., Shchihel V., Sholovii Y., Ufimtsev V. [3].
They have developed and researched a number of small
and medium-sized vibrating machines for many areas
where dynamic dampers have been used. The designs
of these vibrating machines were three-mass, but in the

calculation schemes, they were considered mainly as
two-, one- mass.

It should also be noted a significant contribution to
the research of oscillatory processes of mechanical sys-
tems of the following foreign scientists Kollatc L. [4],
Tondl A. [5], Jagadish N. [8], Kaplan D. [9].

Until early this century, machines and structures usu-
ally had very high mass and damping, because heavy
beams, timbers, castings and stonework were used in
their construction. Since the vibration excitation
sources were often small in magnitude, the dynamic re-
sponse of these highly damped machines was low.
However, with the development of strong lightweight
materials, increased knowledge of material properties
and structural loading, and improved analysis and de-
sign techniques, the mass of machines and structures
built to fulfill a particular function has decreased.
Furthermore, the efficiency and speed of machinery
have increased so that the vibration exciting forces are
higher, and dynamic systems often contain high energy
sources which can create intense noise and vibration
problems [11].

Definition of unsolved aspects of the problem

Analyzing the received information it is possible to
accent that little attention was paid to the vibrating and
also vibro-impact methods and the wide information is
practically absent. Therefore, it is a revolt to create pro-
ductive vibrators samples, methods of their calculations
and conducting scientific research of the working pro-
cesses the dynamics of these machines, which is the
purpose of this work.

When calculating the vibrators for static and fatigue
strength, the oscillatory processes of constructions and
their dynamic loads, at this time, are not taken to ac-
count. However, their supporting ability can be signifi-
cantly increased if their amplitude-frequency character-
istics are taken to account in the calculations during
their design. The absence of a refined method of calcu-
lating unbalanced vibrators of modern vibrating ma-
chines complicates their design and exploitation.

Problem statement

The article aims to highlight the results of mathemat-
ical modeling of oscillatory processes in the research of
unbalanced vibrators with variable static moments and
to determine the dynamic loads on its elements.

Basic material and results

Modern unbalanced vibrators and their drives, which
are part of vibrating machines, have a complex struc-
ture.

We can also state about the unbalanced vibrator with
the electric drive as about the electromechanical ma-
chinery. In the process, it performs a vibrating or vibro-
impact action on the object. Unbalanced causes vibrat-
ing action, resulting arising in vertical centrifugal
forces. We accepted for research the designed unbal-
anced vibrator with a variable static moment and a drive
from the electric motor.

Given the fact that the vibrating mechanical system
includes elastic elements, these are metal structures and

6 Academic journal. Industrial Machine Building, Civil Engineering. — 1(54)’ 2020



a vibrator, the acting forces of which are variable in na-
ture, we can state that during the operation of the vibro-
machine elastic links oscillate and create auxiliary
loads.

We use the mathematical program MathCAD to sim-
plify calculations.

Vibration load on the unbalanced vibrator, including
deepening of piles is carried out by the special mecha-
nism which is called the vibrating deepener or the vi-
brating hammer.

This mechanism is an electromechanical machine.
It gives the pile a vibrating effect. It is installed on the
pile drive and connected to the pile head.

Unbalances create a vibrating action of the deepener,
resulting in vertical centrifugal forces, which are trans-
mitted through the head to the pile. When performing
the process of deepening the pile there is a destruction
of the soil structure in which there are irreversible de-
formations.

During operation, transients take place in the drive
mechanism of the unbalanced vibrator, which causes
the rise of additional forces. In turn, it is necessary to
note that inertial and hard parameters of links of the
mechanism significantly influence passable dynamic
transients.

The beginning of the movement, and also a stop of
the electric drive of the mechanism of the unbalanced
vibrator, is carried out at loading, that is, during its op-
eration.

Considering the dynamic processes that take place
when starting directly the drive of the unbalanced
vibrator, we take the movement under load (work
process).

The composite system of differential equations of
motion and electromagnetic state of the electric motor
has the following form (Fig. 1):

—i,
(
I"-\.
i . .S -
LS T B
,_,\-)'/ "{ .rrl
g 1 3 .-\5' "_-?F.\}é--;f 4
¥ " "\\ '__
\"\ 5'5?,

Figure 1 — Calculation scheme of the electric drive
unbalanced vibrator
with a variable static moment during transients

Ji o1 —my e x; sing; = M(1); (D

(mi+my) x2 —my e (@1 singy + @i cosgr) =—Mcp. (2)

The calculation scheme is presented in Figure 1:
where J; — the moment of inertia of the drive rotor of
the electric motor;

mi — the given mass of unbalances;

my — the given mass of the bearing hull of the unbal-
anced vibrator;

I1,, x1, x, —angular and linear displacements of all two
masses, respectively;

x = 0.0174ell—numerical dependence between angu-
lar and linear mass displacements;

e — eccentricity of the established unbalances.
e; =100 mm, e; = 300 mm,;

Mcp — the given moment of the certain forces of re-
sistance of imbalances;

Mcp — the given moment of the certain forces of re-
sistance to the immersion of a pile;

M(t) — the moment developing the electric motor.

The moment of the electric motor we are written by
the following differential expression [6, 7]

M) = Ao+ A1 M'(1) + A2 X"1 (1), 3)

where Ao, A1, A> — engine constants.
The constants have the next form:

My L 2, @

A = P} )
° Sk @S} @Sy

where Mj — the critical moment of the engine;
Sk — critical sliding of the electric motor rotor;
ay — the angular speed of the electric motor;
¢ — time.
The limits of application of equation (3) have the fol-
lowing limitation [6, 7]

— 0.8 M <M<0,8 M. (5)

After performing the transformation, the nonlinear
equations (1-2) after the replacement and lowering the
order, to be able to solve them, using the program
MathCAD, will have the next form:

q'@)=mt);

~0.0174e-q(t)+ M(t) |
J,—0.0174e-sing(t) ~

u'(t) = p(t) ;

my -e-wz(t) cosq(t)—Mcp

W () =

P = )~ 283 -sing(0)
w=0 oyt ©
4 4-0.0174e 4

o) = 00174 g (O + M)
J;—0.0174-¢-sing(7)
d(="2 e w’ (1) cosq(t)~Mep |

(m; +m,)—2831-sing(t)
Fit)=m e wi(1),
where o(t), d(t) — angular and linear accelerations, re-

spectively, of the electric motor rotor and mass m;
F(t) — centrifugal force of inertia of unbalances.
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The next replacement is made:

P =4q@1); Pr=wt)=q'®;
x2=u(t) ; Xo=p®) =u'(); (7)
o) =w()=q"1); dt)=p'(1)=u"(@1).

The initial conditions are as follows:

(=0,  ¢q0)=0; w0)=0; u(0)=0;

p(0)=0; 0(0)=0; d(0)=0; ®)

M(0)=0; F(0)=0.

The solution of the system of nonlinear equations (6)
is carried out to drive an unbalanced vibrator with
an electric drive, which has the parameters shown in ta-
bles 1 and 2.

When implementing the MathCAD application, we
get the magnitudes of the moment of the electric motor

Table 1 — Parameters of the drive

unbalanced vibrator

Parameters Units of Numerical
measurement values
Ji KT M 1,275
" Kr 11600
Mep Nm 50
e M 0,1-0,3
v Ns/m 25
Mer Nm 1550

Table 2 — Values of the constant electric
motor drive unbalanced vibrator

of the unbalanced vibrator drive mechanism, angular, Mode of The an%ulfl‘r
linear displacements of unbalances, vibrator hull, elec- Type of ode o foI})lera— ?pee. of the
tric motor and their speed, as well as their angular ac- electric motor thl’l.O the electric motor
celerations (Fig. 2-7). electric motor rotor,
Constructed, as a result of the implementation of this rad/s
program, graphs of changes in the moment of the elec- MF{B S12-8
tric motor of the unbalanced vibrator drive mechanism N_f 0 kWt Performance 75.4
M(t) and the centrifugal force of inertia of unbalances n =720 t/min
F(t) as a function of time (Fig. 6, 7) show that the Constant of electromotor
growth of inertia of unbalances F (t) continues about 3 s 4 4 4
from the moment of its inclusion reaching, thus, the 0 ! ’
maximum value. 67105 -0,9471 -1495
Considering the constructed graph (Fig. 6), we can
also state that the centrifugal force of inertia of unbal-
anced after 4 s becomes constant.
Figure 4 shows the change in the mass movement,
which can modulate the process of deep piles during the
operation of the unbalanced vibrator in the mode of the
vibrating deepener.
rad 8x10° 1.5x10° rad/s
&
jAd
ng
Py 'Er
6x10° o AL
A 5
A' "\_ . 1x10°
[ h\- Eﬂ : A ‘ﬁ 'ﬂ ‘a
. . A i =
) 4x10° ] by & e W(t)
84 i ool il
' »
' i 500
" . ¢
2107 A %}
’
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4 D,a'la’
0 0
0 2 4 6 8 10

Figure 2 — Movement of mass Q(t) =¢: and its speed W(1)= ¢1'=0"(t)
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Figure 6 — Graphs of change of the moment M(?) of the electric motor of the vibrator
and centrifugal force of inertia of unbalances F(z) at work (with attenuation)
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Figure 7 — Graphs of change of the moment M(?) of the electric motor of the vibrator
and centrifugal force of inertia of unbalance m at work (without attenuation)

The graphs constructed by us (Fig. 2 — 7) showed that
nonlinear oscillating processes are observed during
the operation of the unbalanced vibrator. The following
information can be obtained from nonlinear equations
1-2)

— uneven rotation of imbalances is carried out;

— oscillations of the base of the unbalanced vibrator
and the object are non-sinusoidal;

— oscillations of the angular velocity of rotation of the
unbalances and oscillations of the base of the unbal-
anced vibrator and the object mutually affect each
other;

— statement of the problem of oscillations of the basis
of the unbalanced vibrator and the object is nonlinear.

At the dynamic phenomena shown in figures 2 — 7,
fluctuations of angular and linear displacements,
speeds, and also their accelerations are characteristic.
Based on this, mathematical modeling of the unbal-
anced vibrator should be carried out using the equations
of electromechanical interaction of the system.

The use of numerical methods for integrating nonlin-
ear differential equations of motion and electromag-
netic state expands the possibility of using the devel-
oped method to determine dynamic loads in electrome-
chanical and mechanical systems vibrating deepener
(vibrating hammer) where unbalanced vibrators are
successfully used, including vibrators with the variable
static moment.

10
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Conclusions

The developed mathematical model makes it possible
to carry out the analysis of the transients during the op-
eration of the unbalanced vibrator, taking into account
the inseparable interaction of the electric machine and
the mechanical part of the drive.

In the work, the dynamics of the unbalanced vibrator
drive mechanism are theoretically researched using the
mathematical program MathCAD.

Results obtained from research of the drive mecha-
nism of the unbalanced vibrator with using the mathe-
matical program MathCAD can be used in the design-
ing, calculation and determination of dynamic loads of
similar vibrators of vibrating machines are obtained.
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The article contains a publications systematic review on the problem of construction steels strength statistical description.
Mechanical characteristics of modern steels have a statistical variance, which is well described by normal law. The main atten-
tion is paid to the steels' statistical strength characteristics selection of different periods, such as mathematical expectation,
standard deviation (standard), coefficient of variation, etc. The analysis confirmed the high security of normative and design
resistances of low-carbon and low-alloy steels rolling profiles. The data presented in the article are intended for use in numerical
structural reliability calculations. The design standards evolution for steel structures is analyzed in the justification sense of
normative and design resistances and the experimental statistics involvement

Keywords: strength of steel, yield strength, normative resistance, design resistance, coefficient of homogeneity

BinoOpakeHHsI CTATUCTHYHOIO XapaKTepy MiIHOCTI cTaJti
Y HOpMax NPOEKTYBAHHA CTAJeBUX KOHCTPYKIIi

Miuyrin C.®.", F'axkieB M.A.2
! Hauionanbhuit yriBepeuter «Ilonrasebka nositexnika imeni 0pis Kongpatioka»

2 AzepbaiipkaHChKNI yHIBEPCUTET apXiTEKTYpH 1 OyMiBHHMIITBA
*Anpeca g muctyBanHs E-mail: pichugin.sf@gmail.com

CTaTTs MiCTUTH CHCTEMATU30BaHHHN OTJIA ITyOTiKaliil y BelydrX HayKOBO-TEXHIYHHX JKypHaJIaxX i3 HPOOIEeMH CTaTUCTUYHOTO
onucy MIIHOCTI OyaiBeabHUX cTajeil. MinHicTh cTani — Iie BHpilaibHUil TapaMeTp Hecydoi 3AaTHOCTI OyaiBenbHUX MeTajle-
BUX KOHCTpPYKUiil. ToMy 00’ €KTHBHE OLIIHIOBAHHS MIIIHOCTI CTalli Ma€ BEJHMKE 3HAYCHHs AJIs1 3a0e3MeueHHs 1 pO3paxyHKy Ha-
IIHOCTI KOHCTPYKIIH Ta HACKHOTO OOIPYHTYBaHHS HOPM IIPOEKTYBAHH:. 32 HASIBHOCTI YHCIICHHUX (aKTOPiB, 110 BIUIUBA-
I0Th Ha MIIHICTH CTaIi, IJIKOM IPUPOIHO, II0 TIOKa3HUKH MIITHOCTI MAIOTh EBHY 3MIHHICTh, HAOYHE YSBJICHHS IIPO Ky JalOTh
CTaTHCTUYHI KPHBI PO3NOALTY PI3HHX XapaKTEPUCTHUK cTaii. Mexa TeKydocTi i iHII MeXaHIYHI XapaKTepPUCTUKH CydacHHX
CTaJeif MalOTh CTAaTUCTUYHMH PO3KUJ, KOTPHH N0Ope ONMCYEThCS HOPMAIBHUM 3aKOHOM, IO OyJI0 HEOJHOPa3oBO MiATBEp-
JDKEHO TAaHWMHM BUTIPOOYBaHHS 3pa3KiB cTalli. 3aBOACHKI BUIIPOOYBaHHS MIIHOCTI CTajli BAKOHYIOTHCS 0araTo poKiB y BEIUKIX
Macirabax, CTBOPIOIOYN 3HAYHMI MAaCHB CTATHCTHYHOI iH(pOpMarii, IpoTe 3aranpHa iHpopManiiia 6a3a IUX JaHUX BiACYTHS.
TonoBHy yBary npuzineHo BHOIpII CTATHCTHYHUX XapaKTEPHCTHK MIIIHOCTI CTajled pi3HOTO Mepiofy, TaKUX sIK MaTeMaTHIHE
CIOMIBaHHS, CEPEAHBOKBAAPAaTHYHE BiAXHICHHS (cTaHmaprt), KoedilieHT Bapiauil Ta iH. AHami3 MiATBEPAUB BHCOKY
3a0e3reveHicTh HOPMAaTUBHUX OMOPIB 1 KyTOBOI cTai, mBesepiB Ta Oanok 3 ManoByrieueBoi cram mapok Cr3mce i Cr3cm.
V GinbLIOCTI BUMAAKIB BUKOHYETHCSI BHMOTa IMpo 3a0e3redeHicTh 3HaueHb HOPMATUBHUX OMOPIiB OyaiBeJIbHUX MaTtepiaiiB 3
imoBipHictio 0,95 st crani mapku Ct3. TlokazaHo, 1o 3a0e3edeHicTh pO3PaxyHKOBUX OMOPIiB MPOdiIbHOrO MpOKaTy 3i
craneit Ct3cn i Cr3mc 3axau Buia Bix imosipaocTi 0,999. HaBeneno nani cratuctidHO 00pOOKH pe3ysbTaTiB MEXaHIYHUX
BUNpoOyBaHb HU3bKOJIEroBaHWX OyniBenpHux craneit 1412, 10I2C1, 15XCHA, 10XCHJ] Ta BHCOKOMII[HHX CTajei.
Ionani y crarTi faHi NpHU3HAUYCHI IS BUKOPHUCTAHHS Y YHCEIBHAX PO3paxyHKax HaAiHOCTI KOHCTpyKIii. [IpoananizoBaHo
€BOJIFOLIIF0 HOPM HPOEKTYBAHHS CTAJICBUX KOHCTPYKIIH y CEHCI IPU3HAYCHHS HOPMATHBHHUX 1 pO3paXyHKOBHUX OIOPIB Ta 3aI1y-
YEHHS JI0 L(OTO JOCIIAHUX CTATHCTUYHUX JaHUX

KurouoBi citoBa: MilHicTh cTali, Mexa TeKy40CTi, HOpMAaTUBHUIL OIip, pO3paxyHKOBH OIip, KoedilieHT OAHOPIAHOCTI
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Introduction

The steel strength is a crucial parameter of the metal
structures load-bearing capacity. Therefore, an objec-
tive steel strength assessment is of great importance for
ensuring and calculating the structures reliability and
the proper design standards justification. It is known
that the steel smelting process is quite complex and not
perfectly controlled (high temperature, melting process
time, the content of alloying impurities, etc.). Subse-
quently, during rolling, the metal is compressed, the
grains are crushed and their orientation along and
across the rolled metal is changed, which affects the
metal mechanical properties. The steel properties are
also affected by the rolling temperature and subsequent
cooling. In addition, with increasing rolling thickness,
the metal mechanical properties decrease. In the pres-
ence of such numerous factors that affect the steel
strength, it is natural that the strength indicators have a
certain variability, a clear idea of which is given by sta-
tistical distribution curves of different steel characteris-
tics. The yield strength and other modern steels me-
chanical characteristics have a statistical variance,
which is well described by normal law, which has been
repeatedly confirmed by steel samples test data. There-
fore, the undoubted relevance of regular steel strength
statistical studies is associated with the constant design
standards revision.

Review of research sources and publications

The initial data on the steel mechanical characteristics
are obtained as a result of molten steels samples stand-
ard acceptance tests in the metallurgical plants labora-
tories. The main purpose of these data is to assess the
quality and rejection of substandard metallurgical prod-
ucts. In addition, steels statistical test results are used in
the design standards preparation and revision. This pro-
cess was especially intensified with the limit states cal-
culation method introduction [1, 2]. Numerous publica-
tions of domestic researchers since the 1940s [3-16] are
devoted to the steel mechanical characteristics statisti-
cal description, in particular its strength. This problem
is actively discussed by foreign experts [17-20]. Relia-
ble steel strength statistical parameters are especially
needed to assess the metal structures reliability. This is
emphasized, in particular, in the publications prepared
by the scientific school "Reliability of building struc-
tures" of the National University "Yuri Kondratyuk
Poltava Polytechnic" [21-24].

Definition of unsolved aspects of the problem

Steel strength factory tests are performed for many
years on a large scale, creating a significant array of
statistical information. However, there is no common
information database for these data. Some of them have
been published in various scientific and technical jour-
nals, articles collections, conference proceedings. Ac-
cess to these publications is difficult, especially since
some institutions have begun to destroy paper maga-
zines in recent years, citing the transition to electronic
publications. However, in reality, the translation into
electronic form has so far occurred only for publica-
tions published after 2000.

Problem statement

The article contains a systematic publications review
in leading scientific and technical journals on the con-
struction steels strength statistical description problem.
The main attention is paid to the statistical strength
characteristics selection of different period steels, such
as mathematical expectation, standard deviation (stand-
ard), variation coefficient, etc. These data are intended
for use in numerical designs reliability calculations. In
addition, the evolution of the steel structures design
norms is analyzed in terms of changes in the purpose of
normative and design resistances and the experimental
statistics involvement.

Basic material and results

The article content is an organized publications re-
view of such scientific and technical journals as "Indus-
trial and civil construction" (formerly "Construction in-
dustry" and "Industrial construction"), "Industrial con-
struction and engineering structures”, "Construction
mechanics and calculation of structures", "News Uni-
versity. Construction and architecture”, "Building ma-
terials", "Automatic welding", etc. The review is com-
piled for the period from the 40s of the twentieth cen-
tury to the present. The paper version was mainly used
for journals published before 2000, which were in the
scientific and technical library of the National Univer-
sity "Poltava Polytechnic Yuri Kondratyuk", one of the
most complete book storages in Ukraine. Information
on later editions digitized from electronic libraries and
electronic versions of journals.

Low-carbon steel St3. Statistical low-carbon steel
strength studies were initiated before World War 11
V. Kuraev under the leadership of prof. N. Streletsky
[1]. Based on them, the minimum value of yield
strength and allowable stress was determined for steel
grade St3 equal to [ o] =1600 kg/cm?.

With the transition in 1955 of the steel structures cal-
culation to the limit states method NiTU 121-55
"Standards and technical conditions for the design of
steel structures" were introduced. For steel grade St3 in
these standards was introduced normative resistance
R"= 2400 kg/cm?, which was equal to the defective
minimum in the steel samples acceptance tests accord-
ing to the relevant GOST. The strength deviation pos-
sibility from the normative resistance in the smaller di-
rection due to the selectivity of rolled product size con-
trol and variability was taken into account by the ho-
mogeneity coefficient £ = 0.9. The design tensile, com-
pression and bending resistance was defined as
R =kR"=0.9-2400 = 2100 kg/cm?®. The design re-
sistance was equal to the minimum probable value of
the yield steel strength, which was defined as

R =G, — 36, (1)

where &, and ), — the yield strength mathematical ex-
pectation and standard deviation (standard).

The design resistance was determined on the basis of
statistical processing of steel grade St3 6 thousand fac-
tory tests results of different plants [2].
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In the 60s of the last century in the metallurgical
industry there were significant changes in low-carbon
steel production: developed oxygen-converter smelt-
ing, mastered new deoxidation schemes (semi-
quenched steel), increased open-hearth furnaces capac-
ity, increased ingot weight. This is reflected in the
next edition of SNiP II-B.3-62 "Steel structures.
Design standards". They introduced two calculated
supports — the yield strength of R=2100 kg/cm?
(as Dbefore) and the temporary resistance of
R, =2600 kg/cm?. It were separated open-hearth and
converter steels, as well as steel deoxidation degrees:
calm (sp), boiling (kp) and semi-calm (ps).

The mentioned metallurgical technology develop-
ment and design norms revision had a certain influence
on the steels mechanical properties. Therefore,
CNDIBK carried out statistical processing of the open-
hearth thick steel St3 acceptance tests results according
to GOST 380-60 with a thickness of 2 — 60 mm at three
metallurgical plants: Magnitogorsk Metallurgical Plant
(MMK), Kommunarsky Metallurgical Plant and Ilyich
Metallurgical Plant (Mariupol) [4]). The obtained re-
sults are given in table 1. These studies have shown that
the rolled low-carbon steel St3 mechanical properties
in these years have decreased significantly (especially
in terms of yield strength and toughness). Therefore, it
was concluded that the steel acceptance testing method
at that time (especially the yield strength determina-
tion) needed significant improvement.

With the data given in table 1 the statistical pro-
cessing results of various metallurgical enterprises steel
VSt3 mechanical tests results published a little earlier
are connected [3]:

—yield strength'

0, =281,0 MPa; 0, =23,4 MPa; 0, = 350,0 MPa;
— temporary res1stance.

G,=456,4 MPa; &,=216 MPa; 0, .= 520,0 MPa.

It is known that in cases where the control tests results
meet the GOST and TU standards, the consumer can
get a metal with the strength characteristics values be-
low the standard resistances. In the article [5] the devi-
ations probabilistic analysis are considered in norms by
homogeneity coefficient (coefficient of reliability on
material) is executed.

In preparation for the next steel structures revision, in
the late 70's CNIDBK conducted a large-scale data pro-
cessing of steel St3 26 thousand acceptance tests [7],
the results of which are partially given in table 1.
They generally correspond to the previous tests results
and confirm a smaller data statistical scatter on the tem-
porary resistance compared to the yield strength.
The statistical information resulting array was linked to
the main steel structures calculation provisions at the
limit states. In particular, the steel St3 normative and
design resistances probabilistic provision estimation
was carried out (Table 2).

Data analysis of table 2 allowed substantiating the
following conclusions:

— the standard sheet metal resistances provision up to
10 mm St3ps and St3kp steels thick is low, which is
explained by a significant less strong rolled steel share;
— high security of normative resistances R, and R, of
angle steel, channels and beams from the St3ps and
St3sp brands steel;

— the requirement to ensure the building materials nor-
mative resistance values with a 0.95 probability for
steel St3 in most cases is met;

— the calculated resistances values security after
strength limit is higher, for which the security in all
cases is close to P = 1.00, and the safety characteristic
r=5-9;

— the rolled steel design resistances probabilistic provi-
sion from St3sp and St3ps steels is always higher than
the 0.999 probability, with safety characteristics
=4 — 6. Therefore, CNDIBK proposed to increase the
design resistance BSt3sp to 230 MPa and BSt3kp to
220 MPa, which was implemented during the revision
of design standards.

In the new edition of SNiP 11-23-81 «Steel structures»
it were introduced for steel St3 two strength groups (at
the suggestion of the Institute of Electric Welding
named after EA Paton), grades were replaced by classes
(steel St3 was assigned to classes C235, C245 and C255
depending on the degree of deoxidation and strength
groups), differentiation was introduced depending on
the rolling type (sheet or shaped) and the profiles thick-
ness. To move from the normative to the design re-
sistance instead of the homogeneity coefficient now the
reliability coefficient for the material is used:

Ry=Ry/Vw . R,=Rpy/tn 2)

where Ry, and R., — normative resistances, respec-
tively, after the yield strength and temporary re-
sistances;

Ry and R, — similar design resistances.

Substantiated statistically new reliability coefficients
on the material differ insignificantly from the unit:
7w =1.025 —1.100.

The CNDIBK staff article [8] summed up the results
of the first SNiP 1I-23-81 implementation years, which
led to significant savings in steel in construction. Sub-
sequent editions of the Ukraine DBN B.2.6-198:2014
«Steel structures. Design standards» norms and Rus-
sia's SP 16.13330.2017 «SNiP 1I-23-81*» do not differ
in principle from SNiP II-23-81 in terms of steels
strength rating of [16].

Recently, the light thin-walled steel structures use has
expanded. It was found that the cold steel profile for-
mation leads to their strengthening. To detect it, the sta-
tistical processing of two steels samples test results was
performed [9]. The obtained strengthening factor is
well described by normal law and has the following pa-
rameters:

- 14G2

— VSt3sp

1.17, m=0.082, V'= 6,4 %;
-m=131,m= 0,066, V=15,0 %.
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Table 1 — Statistical data on the mechanical characteristics of sheet steel St3

Yield strength
Steel Date, source ay, MPa 6y, MPa vy, %
1968 [4] 284,1 310, 21,9257 7,55
St3kp 1980 [7] 266,0 29,0 10,9
1968 [4] 293,6 3122 21,5268 7,30
St3ps 1980 [7] 265,0 — 289,0 25,0 - 30,0 9.9
1968 [4] 232,6 2940 15,9259 58-9,1
Stsp 1980 [7] 268,0 — 294,0 22,0270 8,7
Temporary resistance
Steel Date, source 0y, MPa 6y, MPa Vi, %
1968 [4] 42244330 234-29.1 5,83
St3kp 1980 [7] 410,0 30,0 7,32
1968 [4] 44184360 20,6 27,1 4,75
St3ps 1980 [7] 420,0 — 437,0 25,0-27,0 6,07
1968 [4] 417,0 - 459,0 192234 5,54
Stsp 1980 [7] 433,0 - 440,0 20,0 - 25,0 5,15

Designations: @, 6, V, — accordingly average value, standard, coefficient of yield strength variation;
0y, 0y, V. — the same as the strength limit (temporary resistance).

Table 2 — Probabilistic provision of normative and design resistances of steel St3

Normative resistance Design resistance
after yield strength after limit of strength

Profile Steel P(Ro) P(Rur) . y P(i ¥ . P(Rgu)
Sheets St3kp 0,893 0,841 1,94 0,974 5,00 ~1
St3ps 0,894-0,991 0,929-0,989 | 1,97-3,12 | 0,976-0,9986 | 5,92-7,07 ~1
St3sp 0,921-0,998 0,984-0,996 | 2,15-3,82 | 0,984-0,9999 | 6,96-8,65 ~1
Steel St3kp 0,989 0,913 3,09 0,999 5,65 ~1
angular St3ps 0,999 0,985 4,05 0,99997 7,72 ~1
St3sp 0,999 0,993 3,92 0,9998 7,07 ~1
Chan-nels, | St3kp 0,999 0,985 4,04 0,99997 7,95 ~1
beams St3ps 0,9999 0,9996 5,24 ~1 8,95 ~1
St3sp 0,9999 0,999 5,67 ~1 6,46 ~1

Designations: y, y,—normalized deviations of calculated resistances from average values (safety characteristics)

Low-alloy steels. 1t is no coincidence that statistical
studies of the ordinary strength low-carbon steel prop-
erties were the most extensive. According to the data
from the end of the 1980s, 80% of this rolled steel with
yield up to 245 MPa strength was used for the building
steel structures production. High strength low-alloy
steels with 325 —345 MPa yield strength of were 15%,
rolled high-strength steels with at least 390 MPa yield
strength — only 5% [8]. Therefore, it was important to
deploy research on strength steels.

Back in the 1955 — 1957 postwar period, the Chelya-
binsk Plant of Metal Structures performed large-scale
statistical mechanical tests of natural alloy steel NL2
(15SHSND) (30 thousand tons), supplied by MMK,
Kuznetsk Metallurgical Plant (KMK), Nizhny Tagil

Metallurgical Plant and Plant named after Dzerzhinsky
[10]. The NL2 steel yield strength distribution was well
described by the normal law with the characteristics of
d,= 382.0 MPa, 6,,= 27.3 MPa. The author of the pub-
lication, a well-known specialist B. Belyaev calculated
the coefficient of homogeneity K., = 0.757 according
to the author's method, taking into account the minus
tolerances on the cross rolled sections dimensions,
which gave the following steel NL2 (1SHSND) design
resistance value:

R =K, 0, =0.767%382 ~ 290 MPa.

Therefore, a reasonable conclusion was made that the
290 MP design resistance adopted in the norms of
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NiTU 121-55 is in full compliance with the actual me-
chanical properties of NL2 steel. However, B. Belyaev
criticized the rejecting steel system, because the
340 MPa rejection minimum was at a standard 1.43 dis-
tance from the average value, which led to the probable
steel 7.6% rejection. Therefore, the author of the article
proposed to accept the rejection minimum at the level
of 3 standards, ie 382 — 3x27.3 = 300 MPa.

In the mid-1960s, statistical processing of the mechan-
ical tests results of low-alloy construction steels 14G2,
15 HSND, 10 HSND in the amount of 225, 575 and 507
factory tests, respectively, at MMK, NTMZ, KMK,
OHMK (Orsko-Khalilovsky) and other metallurgical
enterprises was performed [3]. The obtained results are
summarized in a table. 3, the data for steel 1SHSND
differ from the previous ones [10] by a higher standard
—34.5 MPa compared to 27.3 MPa at the same average
values.

A detailed low-alloy steel 10G2S1 statistical study
was conducted in the late 60's B. Uvarov at the Ilyich
Metallurgical Plant (Mariupol) [11]. Sheets with a
26 — 119 mm thickness were studied, the samples num-
ber was 1200. The mechanical characteristics distribu-
tion curves the were close to normal with a slight asym-
metry. A decrease in the steel mechanical characteris-
tics with increasing sheet thickness was found. This
general trend was described by the following regression
equations:

— average value:

0,=41.3-0.0855;

o, =56.5-0.0396;
o5 =27.7-0.0196.
— standard:

6'y =2.67-0.0060;
6, =2.70-0.0145;
65 =2.29-0.0076.

Here the strength o is in kg/mm?; thickness & in mm;
relative elongation os in %.

The yield strength standards and temporary resistance
decrease with increasing thickness due to the mechani-
cal properties alignment with slow thicker sheets
cooling.

The homogeneity coefficient was determined in the

usual way
‘e L=V +V7}
1=y7

where y— safety factor (accepted in the norms equal
to 3);

V, — yield strength variation coefficient;

Vr=0.043 — variation coefficient by area.

After substituting the numerical values into the for-
mula, the homogeneity coefficient was obtained
k=0.79. The formula for the design resistance was ob-
tained by the regression line equation

R=32.6-0,0680

It turned out that with increasing sheet thickness for
every 15 mm, the design resistance decreases by
10 MPa. This was taken into account in table 4.

The recommended rolled products division into
groups narrower than the norms could have some eco-
nomic effect, but was not fully implemented.

In the early 80's, experts from the Moscow Institute
of Civil Engineering (MIBI) conducted high-strength
steels statistical studies [12]. Data on strength class
C70/60 steel 12GN2MFAYU were obtained by the ac-
ceptance tests results at OHMK, the sample size —
4 thousand tests. Sheet metal with a 12 — 40 mm thick-
ness was tested.

The obtained results: the average yield strength value
a, = 710,4 MPa; temporary resistance 7,, = 806,4 MPa;,
average elongation 05 = 16,11%. Steel within the batch
is heterogeneous (327 tested batches): the properties
distribution standard within the batch in the general
distribution standard shares is: 0,53 after the yield
strength and 0,48 after the temporary resistance.

The investigated rolled metal meets the requirements
for steel of class C 70/60: /y € 60 MPa; [a€70 MPa;
™ & 12 %. According to the test results, high-strength
steel grade 12GN2MFAYU can be considered promis-
ing for responsible welded metal structures operating
under dynamic loads and operated at negative temper-
atures below -40 ° C.

Table 3 — Statistical data on the mechanical characteristics of low-alloy steels

Steel Yield strength o, MPa Temporary resistance g,,,,, MPa
ee = ~ - ~
gy by Oy max ay Gy, Oy max
14G2 398,8 36,0 510,0 552,0 38,6 670,0
I5XSNID 389,2 34,5 500,0 562,4 30,0 660,0
10XSNID 458,7 37,6 580,0 597,5 34,6 710,0
Table 4 — Recommended sheet steel design resistances
Thickness, mm o 38 39 -52 53 -68 69 — 82 83 -98 99 -110
R, MPa 300 290 280 270 260 250
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The new high-strength steel properties statistical
analysis with nitride hardening grade 16G2AF was
performed at OHMK on the basis of a 6.5 thousand
tests sample [13]. Sheet metal with a thickness of
10 — 40 mm was tested. Steel in the normalized state
had an yield strength average value g, =470 MPa;
temporary resistance g,, = 650 MPa. Heat-treated steel
had slightly higher characteristics — the yield strength
average value d,= 550 MPa; temporary resistance
0, = 680 MPa. Steel within the batch is heterogeneous
(816 batches were tested): the normalized steel proper-
ties distribution standard within the batch in the general
distribution standard shares is: 0,518 after the yield
strength and 0,607 after the temporary resistance. It was
concluded that the developed steel in terms of both
strength and plastic characteristics meets the require-
ments for high-strength steels.

Recent publications describe new high-strength steels
of large thickness [14, 15]. Rolled steels C345, C375,
C390 and C440 have high engineering properties and
good weldability. Thermomechanical high purity hard-
ened steels can be referred to the third construction
steels generation and be used in the most responsible
and unique building metal structures.

Conclusions

A systematic works review on the problem of con-
struction steels strength statistical description is real-
ized. The main attention is paid to a sample of different
periods steel strength statistical characteristics, such as
mathematical expectation, standard deviation (stand-
ard), variation coefficient, etc. These data are intended
for use in structures reliability numerical calculations.
The steel structure design norms evolution is analyzed
in terms of changes in the purpose and provision of nor-
mative and design resistances and the experimental sta-
tistics involvement.
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This article presents a general strategy for limiting the structural system risk collapse a using the real construction object
example. In the course of the work, an analysis of possible accident scenarios at a construction site was carried out. A statistical
data analysis is presented to create the most systematic method for the possible accident scenario in construction. The article
presents the calculations results of the building frame spatial model for progressive structure destruction to determine the acci-
dent possibility. When changing the monolithic floor geometry and removing the columns, the failure probability of the sup-
porting structures and the consequences to which this accident could lead were considered. Also, in this work, the economic
consequences question is raised. The scheme calculation result is presented and the corresponding conclusions are drawn
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HageieHo 3arajbHy CTpaTerito 0OMEXEHHs pH3UKY OOBaJICHHS! KOHCTPYKTHBHOIT CUCTEMH Ha NPHKIIA/AI PealbHOro OyaiBelb-
Horo 06’ekra. [IpoaHasi3oBaHO pi3HOMaHITHI MiAXO/AH A0 PO3paXxyHKY MOXIIMBOCTI BAHUKHEHHS aBapil abo, iHIINMH CII0BaMH,
HMOBIpHOCTI BiIMOBH Ti€i UM iHII0T KOHCTPYKUii. Hamano pe3ynbTaTti po3paxyHKy BUHUKHEHHS MOXKIJIMBOI BiZIMOBU KOHCTPY-
KIii OyxiBenbHOrO 00’€KTa Ha MPHKIaZl CTBOpeHOi Moneri. Y xoxi po6otu OyB mpoBeAeHUl aHai3 CLEeHapilB MOXKIUBOIO
BUHUKHEHHs aBapil Ha OyaiBenbHOMY 00’ €KTi. BUAiNAIOTHCS i OMUCYIOTHCS XapaKTepHi 0COOIMBOCTI HAalOLIbIII CHCTEMATH30-
BaHOTO QJITOPUTMY CIIEHApil0 MOXKIMBOTO BUHMKHEHHS aBapii B OYHiBHHIITBI, UL SIKOTO Ma€ BEJNUKE 3HAYCHHS 30ip JaHUX
IIpo aBapii, [0 BUHMKIIN, X CHCTEMAaTH3allisl Ta OCMUCIIEHHS, TOMY IO MOAi0HA IMpaKTHKa 30LIbIIye MAaHCH Ha Oe3aBapiiiHe
OyniBHMITBO. 3HA4UHy yBary NpHIUICHO IMAXORY IO ONHUCY aBapii, skl Moxe OyTH po3IIIHyTHil i3 11 BipoTimHOCTI.
Hanano xnmacudikariiro aBapiii 3a IMOBIpHICTIO iX BHHHUKHEHHS. Po3paxyHOK pH3HKIiB IPOTrpecyodoro 00BaIeHHs pO3TisIaBcs
IpHU NEBHOMY Iepeniky 3arpo3. HaBeneHo pe3ynabTaTu po3paxyHKiB MPOCTOPOBOI MOAelni Kapkaca OyiBii Ha mporpecyroue
py#HYBaHHS KOHCTPYKILIi /U1l BU3HAYCHHSI MOXJIMBOCTI BUHUKHEHHs aBapii. [Ipu 3MiHi reoMeTpil MOHOJIITHOTO HEPEKPUTTS
Ta BUIYYCHHI OKPEMHX KOJIOH pO3riisijanacs WMOBIPHICTh BIIMOBH HECYy4YHMX KOHCTPYKLIiil i HACIiIKH, 0 SIKMX Taka aBapis
MOKE TIPH3BECTU. Y Pe3ysIbTaTi YUCEIbHOI0 MOJCIIOBAHHS OTPUMAHO SIKICHY OLIHKY XapaKTePUCTUK CTIHKOCTI KOHCTPYKIIT
CTOCOBHO IIPOTPECYIOUOT0 pyifHyBaHHs. PO3IIIsTHYTO HAHIIPOCTINTy cXeMy KOHCTPYKIii Oy/iBiI, 3a KOO BiToMa HMOBIpHICTh
BiMoBH 00’ ekTa. s migpaxyHKy MOXIIMBHX MaTepianbHUX 30UTKIB i (a00) coliabHUX BTPAT Bill BiIMOBH 00’ €KTa, ITOB’sI3a-
HUX i3 IPUIMUHEHHSIM eKCILTyaTalii 9i BTPpaTolo HOTro IUTICHOCTI, BU3HAYAIINCS HAHOLIBIT IMOBIPHI IIPOrHO3M MOXKIIBOI aBapii,
LIO CTaIacst 3 TCXHOTCHHHUX ab0 MPUPOIHUX PUYHH.

KurouoBi ciioBa: cratucrika, MOJCIIOBaHHS, aBapis, OymiBist, IMOBIPHICTb aBapii, pyiHYBaHHs, HACIIAKU, CHCTEMATH3ALlis
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Introduction

Nowadays, the failure probability calculation and
predicting accidents at the construction site design
stage is being introduced with government regulations
in developing countries. This fact makes it clear the
need to develop an appropriate methodology in this
matter. Studying the historical experience of creating
various algorithms types, it is necessary, in turn, to im-
prove them. The reasons for this are the technical and
informational development of the construction industry
as a whole, the increase in the complexity of engineer-
ing tasks, the concept renewal of architectural forms
and buildings purposes. [1].

In connection with the approaches spread to predict-
ing the construction objects accidents in the design doc-
umentation, various approaches are being created to the
development and situation modeling building fail indi-
vidual structural elements. The main task at the mo-
ment is to create an algorithm for modeling and calcu-
lating such emergency situations and the creation of
uniform building codes on this issue.

Review of the research sources and publications

Speaking about the accidents analysis in construction,
it is worth noting such scientists as Belyaev B.I. [2],
Laschenko M.N. [3], Sakhnovsky M.M. [4], Shki-
nov F.N. [5], Perelmuter A.V. [6] and other authors,
who in turn also paid considerable attention to the acci-
dent statistics development and tried to classify them.
For example, a fairly detailed accidents statistic for
2009 was presented in the Eremin K.I. work [7].
The accident possibility calculation, or in other words,
the particular structure failure probability, was carried
out by such scientists as Raiser V.D. [8, 9], Pich-
ugin S.F. [10 11], Semko A.V., Voskoboynik O.P. [12]
and others [13].

Stewart M.G., Melchers R.E. dealt with an engineer-
ing system probabilistic risk assessment issues [14].
Milchers R.E in his works raised the reliability and
forecasting analysis issue in the construction industry
[15]. Tt is also advisable to pay attention to the works of
such scientists as Ellingwood B.R., Smilowitz R., Du-
senberry D., Duthinh D. [1] in whose works the build-
ings progressive destruction issue was raised.

A striking example of the legal basis creation for cal-
culating progressive collapse is the first rules set edi-
tion, entitled ‘“Protection of buildings and structures
from progressive collapse. Design rules [16].

Definition of unsolved aspects of the problem

To date, an important issue is the development of a
methodology and algorithm for analyzing the predict-
ing probability the accident possibility in construction.

Problem statement

The work purpose is to determine a general strategy
for limiting the danger (risk) of structural system col-
lapse, to reveal the concept of a possible accident sce-
nario at a construction site and to calculate the possible
failure occurrence of a construction site using the cre-
ated model example.

Basic material and results

General strategy for limiting the hazard (risk) of
structural system collapse

When designing in construction, an important factor
after the structure reliability is its financial side of the
issue, that is, the direct construction cost. Ensuring
structural reliability must be provided by cost-effective
design solutions. In order to the costs invested in the
structure safety to be justified, a risk assessment should
be carried out, the magnitude of depends on the failure
probability and its consequences. Thus, risk analysis
consists of two independent tasks: determining the fail-
ure probability and assessing its consequences.

Calculating the risks associated with the structural
system collapse, in particular when exposed to special
(abnormal) influences, the most difficult in all respects
life and health valuation of people exposed to potential
threats.

The progressive collapse risks calculation is consid-
ered with a certain threats list, including in the general
case:

1) pathological, special effects (natural or errors in
design and construction);

2) violation of operation,;

3) object crashes.

The general strategy for limiting the danger (risk) of
the structural system progressive collapse should con-
tain the following stages:

1) risk assessment and probabilistic formulation of
structural criteria (for example, the structural elements
destruction probability is allowed);

2) impact damage characteristics;

3) strategy development to limit threats from special
impacts;

4) implementation in professional practice.

As can be seen from the general strategy description
for limiting the structural system progressive collapse
danger, the first and one of the main strategy elements
is the risk assessment and, accordingly, the probabilis-
tic structural criteria formulation for further calcula-
tion.

The concept of the possible accident scenario at the
construction site

To calculate the possible material losses and (or) so-
cial losses from the facility associated refusal with the
operation termination or with the integrity loss, the
most probable predictions of a possible accident are de-
termined (for example, damage, failure, building de-
struction, structure, linear engineering and transporta-
tion facility, infrastructure or their parts) that occurred
due to man-made or natural causes. Potential losses are
assessed based on the predicted accident scenario, tak-
ing into account the measures provided for by the pro-
ject to localize a possible accident (for example, divid-
ing the construction object into separate parts).

It is recommended to consider the possibility of the
following events, for example:

- failure and destruction of a separate supporting
structure due to its overload in excess of combinations
loads and effects;

- the occurrence of soil foundations large subsidence
during their emergency soaking;
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- the possible karst sinkhole impact, landslides, etc .;

- the impacts from vehicles collisions;

- the structures failure possibility in the fire event;

- damage to building structures by accidental explo-
sions (for example, household gas);

- the technological regulations violation possibility or
damage to equipment (pipeline ruptures, falling loads,
others for design impacts) [10].

For s high-rise apartment buildings and structure,
the hypothetical collapses listed in clause E.1.2 of
DBN V.2.2-24:2009 should be considered as initiating
events [17].

Potential social losses from abandonment should be
weighed against risk factors such as:

- danger to people health and life;

- a sharp ecological situation deterioration in the ter-
ritory adjacent to the object (for example, when the
storage of toxic liquids or gases is destroyed, the sew-
erage treatment facilities fail, etc.);

- history and culture monuments loss or other spiritual
society values;

- termination of the communication systems and net-
works functioning, power supply, transport or other el-
ements of population or public safety life support;

- impossibility to organize assistance to accidents and
natural disasters victims;

- the threat to the country's defense.

Possible economic losses should be assessed by the
costs associated with both the need to restore the facil-
ity and with incidental losses (losses from stopping pro-
duction, lost profits, etc.).

The possible consequences characteristics are the ba-
sis for the construction objects classification according
to three consequences (responsibility)classes — CCl1,
CC2 and CC3.

When calculating structures, the following design sit-
uations types should be considered:

- established, for which the implementation duration
of Tsit is the same order as the established service life
of the construction site Tef (for example, the operation
period between two major repairs or changes in the
technological process);

- transitional, for which the implementation duration
Tsit is small compared to the established service life
Tef (for example, the object construction period, major
repairs, reconstruction);

- emergency, which is characterized by a low proba-
bility of Psit occurrence and, as a rule, a short duration
of Tsit << Tef implementation, but which are quite im-
portant from the point of view of the possible failures
consequences (for example, situations that arise during
explosions, fires, equipment failures, collisions vehi-
cles, as well as immediately after the any structural el-
ement failure). [10].

Construction accident statistics

To create the most systematic method for the possible
accident scenario in construction, it is of great im-
portance to collect data on accidents that have occurred,
their systematization and understanding, since this
practice increases the chances of accident-free con-
struction.

Without pretending to cover the problem as a whole,

we can single out the most common buildings destruc-
tion cases, as: engineers’ errors in calculations; build-
ers’ negligence in the facility construction, misuse or
improper reconstruction, the incidence of which has in-
creased significantly over the past few years.

A sudden collapse leads to a prolonged the building
failure, the fires outbreak, the utilities and energy net-
works destruction, the blockages formation, injury and
people death [18].

Using the example of India, we can give the corre-
sponding figures for the statistics of construction acci-
dents victims. India's National Crime Bureau (NCRB)
data indicate that between 2001 and 2015, 38,363 peo-
ple died in the destruction of various buildings. Most of
the people died as a result of the residential buildings
collapse. Uttar Pradesh recorded the largest number of
deaths during this period (5690) [19].

Accidents should also be divided by the class of con-
sequences, in accordance with the National Standard of
Ukraine [20]. Taking into account the conducted re-
search, the most common structures accidents can be
considered objects with the class of consequences CC2,
including residential buildings with the number of peo-
ple who are constantly in the building, up to 400 people.

The methodology for collecting, processing and pre-
senting statistical information is an almost independent
section of probabilistic calculation methods (for exam-
ple, the theory of building elements reliability and sys-
tems). In this case, the theory should specifically deter-
mine the quality and quantity of information required
for practical use in calculations.

The building materials properties and elements can be
represented by parametric distribution laws. This as-
sumption can be substantiated by the fact that the ma-
terials and structures properties do not change signifi-
cantly over time and, as a rule, have a corresponding
tendency. The foregoing should be understood in such
a way that possible changes in properties are, as a rule,
not random in nature, only the numerical value of this
property has a random character.

The next part of the statistical information processing
is a more detailed division of the resulting general table
by the objects type that have collapsed. For example,
the accidents types can be divided into three compo-
nents: buildings and structures destruction at the stage
of construction and acceptance into operation, during
reconstruction of facilities and accidents due to the
large building age. The classification based on these
characteristics is due to the high level of their frequency
in the course of the issue study, from which it follows
that the appearance of such an accident is the highest.

On the research basis carried out, graphs and dia-
grams are created that reflect the results obtained, on
which final conclusions are already drawn.

An example of generalized data processing is the an-
nual accidents statistics created by the Russian com-
pany "City Center for Expertise". A work feature of this
company is its transparency and results publicity.
The statistics provided over the past few years are
freely available on the Internet, with the components of
which anyone can get acquainted. At the same time, cit-
izens do not have access to official statistics, which are
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kept by government. Based on this, there is a need to
address the issue of transparency in the commission’s
work the for the accident investigation in buildings and
structures.

The possibility of providing public information can
be a significant step in resolving the accidents issues
that occurred during the construction phase, since the
incidents publicity and the work results carried out by
a special commission will become a great impetus for
the certain accidents type elimination.

In addition, the statistical data processing on acci-
dents at construction sites makes us pay attention to the
problem of old buildings that are being decommis-
sioned but not dismantled in the future. Most often, the
authorities do not pay attention to their accident rate
and the highest collapse probability. Long-term dis-
mantling, and in most cases, its complete absence, can
result in human lives.

If until sometime the accident was considered as a
probabilistic event that has no regularity, and the results
of which cannot be predicted, then at the present stage
scientists have made a tangible breakthrough in this
knowledge area. With the concepts introduction such as
economic and non-economic consequences, the devel-
opment and implementation of possible losses calcula-
tions, depending on the particular structure failure, be-
gins.

The approach to describing an accident can be con-
sidered with its probability. That is, an accident can be
probable, impossible, or accidental (Fig. 1).

Let us give examples of situations in which an acci-
dent is probable. In this case, this is an accident that
occurred near the city of Mumbai, April 6, 2016 [21].
The seven-story residential building collapse provoked
a number of reasons, such as construction standards vi-
olation, negligence during construction, and the con-
struction work illegality. The occurrence probability
was the highest in this case.

The result that needs to be obtained
excluding all the probabilities of
structures and the object failure as a
whole

/ The
accident

probability / j

. Damage to frame structures |

‘ Significant deformations

Figure 1 — Classification of accidents
with the probability of their occurrence

/ Probable /

Visual significant damage to elements that lead to a
failure of their normal operation, etc.

Accidental accidents include a gas explosion in a res-
idential building in Brussels, which took place on
March 18, 2017, as a result of which one person died
[22]. One building collapsed completely, only the fa-
cade remained from the other. Or the fire that happened
on February 21,2015 in the UAE, where the high build-
ing "Torch" lit up [23]. No harm done.

The result of the accidents analysis that occurred in
construction should be the accident impossibility.
A striking example of the past years’ experience pro-
cessing, the implementation of the necessary improve-
ments and prevention of various accidents types is the
modern complex "Federation", which consists of two
skyscrapers with a height of 324 meters [8].
Constructive solution and calculation of a construction
object

For a more detailed consideration of the modeling
possible accident occurrence issue, we will calculate a
real construction object, namely, an industrial building
(fig. 2).

The frame design was carried out by the finite ele-
ment method, taking into account the following provi-
sions:

a) introduction of three-line deformation diagrams for
concrete and two-line diagrams for reinforcement;

b) the frame structure is considered as a system of
frames with rigid nodes, which are located in two mu-
tually perpendicular directions;

¢) the non-girder floor structure was calculated for the
load, evenly distributed over the entire floor or part of
1t;

d) the structures were calculated for strength, deform-
ability and crack opening under the static load action.

The structure design model has been created and is
shown in Fig 3.

Relying on progressive destruction

In the building structures calculating for progressive
destruction in the LIRA software package, the follow-
ing calculation stages were implemented [24]:

1) performed linear calculation with the determina-
tion of the frame deformation (Fig. 4);

2) exclusion from work in the structural scheme of
individual load-bearing elements (columns 10, 11, 15),
the calculation of the scheme, as a result of which rein-
forcement is assigned for the model calculation in the
non-linear phase;

3) the building calculation taking into account physi-
cal and geometric nonlinearity and dynamic coeffi-
cient.

It should be noted that at the third calculation stage,
the criteria for the structures destruction are the geo-
metric system variability at the nth step, an avalanche-
like growth of deformations and the system displace-
ment.

To determine the most dangerous structure section in
the spatial building model, the number and location of
supporting structures (columns) were experimentally
changed (Fig. 5-7).

When the K-15 column was removed from the gen-
eral scheme, the deformation frame calculation was
carried out again. The calculation result is shown in
Fig.5.
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Figure 4 — Results of building deformation analysis
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A similar frame calculation for deformation was per-
formed when the column K-10 (Fig.6).

Also, the calculation of the frame was carried out
when the middle column K-11 was excluded from the
work, which made it possible to carry out further anal-
ysis of the progressive failure effect on the structure
(Fig. 7).

Situations were also checked when changing the
solid floor geometry, by removing the structure time-
wattle (Fig. 8).

Figure S — The frame calculation result
on deformation with the decommissioning
of the middle column K-15

Figure 6 — The result of calculating the frame
on deformation with the decommissioning
of the second row column K-10

Conclusions

The prerequisites for the implementation of the meth-
odology and algorithm for modeling the accident pos-
sibility at a high-risk construction site gave impetus to
the development of such a direction in the scientific ac-
tivity of the construction industry as predicting the pro-
gressive structures destruction.

It is important to take into account that the calculation
progressive destruction risks directly considers a num-
ber of threats, among which it is advisable to single out
the main ones, such as abnormal ones, violations in op-
eration and failures of a construction facility.

At the same time, the main task for our time is to de-
termine the main strategy for limiting the risk of a par-
ticular accident.

Figure 7 — The result of the calculation
of the frame on deformation with
the decommissioning
of the extreme column K-11

Figure 8 — The results of the design calculation
in the accident simulation - removal
of the K-15 column
(Isofield of stresses on moss)

As a numerical modeling result, it is possible to ob-
tain a qualitative characteristics assessment of the
structure stability in relation to progressive destruction,
as well as to compare several possible scenarios of de-
struction in order to identify the weak structure points.

The calculation result is the forces, stresses and dis-
placements at each of the load application stages,
cracks patterns in walls and slabs, places of plastic
hinges occurrence, information about the elements that
are destroyed in the first place. It is also possible to de-
termine the load at which the first structural element
collapses and from it to conclude the available reserves
in bearing capacity terms.
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The concrete strengthening coefficient calculating method of concrete-filled steel tubular members at axial compression based
on the plasticity theories by Saint-Venant and Huber-Mises-Genk. This method is used for calculating values taking into ac-
count the concrete meridional pressure on the pipe and axial stresses in it. The following tubular concrete element strength
equation is obtained, where the stresses in the pipe reach the limit values at the element destruction moment, that is the materials
strength is used completely. An calculation example is given and the strengthening coefficient calculation results are compared
according to both theories. For determining the proposed method accuracy it is planned to compare the results of the calculation
with experimental data.

Keywords: concrete, pipe, plasticity, steel, strength.

AHaJIi3 MiITHOCTI 32J1i300€TOHY B 3aMKHYTOMY
NPOCTOPi MeTaeBoi TPYOH

IMagaikos A.M.!, Koukapsos JI.B.2, 'apbkasa O.B.3, Auapicus K.L*

13-4 Hanjonanenuii ynisepcuter «llontapcbka nositextika imeni FOpis Konapartokay»
2 HanjioHanbHuMiA yHIBEPCUTET BOJHOTO TOCTIONAPCTBA T TPUPOAOKOPHUCTYBAHHS
*Anpeca s muctyBanHHs E-mail: kate.andriec@gmail.com

Ha choroati npoexTyBaHHs CTUCHYTUX TPYOOOCTOHHUX €IEMEHTIB SBIIsIE COO0I0 JOCHTh CKIAIHUI MpPOLEC, IPHIMHOIO Y0T0
€ BIZICYTHICTh PO3PaxyHKOBHX 3aJIS)KHOCTEH, sIKi 6 BpaXOBYBaJIH sIBUIIE 301JIbIICHHS] HECYYOi 3aTHOCTI EJIEMEHTA 32 PaXyHOK
poboTu 6eToHY B yMOBax 00’€MHOTO HaIlpy>KeHO-Ae(OPMOBAHOTO CTaHy, 10 OOYMOBIIOE OJEPKAHHS PO3PAXYHKOBUX 3Ha-
YeHb MILHOCTI HOPMAJIBHOTO Iepepidy TpyOOOETOHHOTO elleMeHTa, Ki OyIyTh HEIOBHKOPHCTaHI. MOXIIMBICTh PO3B’sI3aHHS
ICHYI0401 IPOOIIEMH TI0JISITaE B ITOATBIIOMY JOCITIIKEHHI Teopii po3paxyHKiB MIITHOCTI TpyOOOETOHHHX €IeMEHTIB Ha OCHOBI
BIIPOBAKYBAHUX Cy4aCHHUX HOTJISIIB Ha poO0Ty OETOHY B IOE€HAHHI 3 apMaTypoIo Ta CTajaeBolo 00osioHKo10. Tox Oyio po-
3pO0JICHO METOJUKY aHajli3y MIIHOCTI 3 BUKOPHCTAHHSAM KOe(ilieHTa 3MII[HEHHS 0eTOHy TpyOOOETOHHMX €JIEMEHTIB IpH
OCHOBOMY CTHCHEHHI JUISl OOYHCIICHHS 3HAU€Hb 3 YpaXyBaHHSIM MEPHUJIIOHAJIBHOTO THCKY OeTOHY Ha TpyOy i OCbOBHX Hampy-
JKeHb Y HbOMY Ha OCHOBI Teopiii mnactuunocti Cen-Benana ta ['ybepa — Miseca — ['enki. Kputepiem pyiinyBanus Tpy6o6e-
TOHHOTO eJIeMeHTa 00paHO HOro IpaHUYHMI CTaH NPH AOCSATHEHHI B CTaji TpyOH Hampy»KeHb TEKY4OCTi, 3aBISKH YOMY OTpH-
MaHO TaKe PiBHSHHS MIIHOCTI TPYOOOSTOHHOTO eleMeHTa, B SIKOMY HAIPY)XEHHS B CTiHI[I TpyOH B MOMEHT pyHHYBaHHS eJjie-
MEHTa PUHAMAIOTHCS TPAaHUYHUMHE, TOOTO MIIHICTh MaTepialliB BUKOPHCTOBYETHCS MOBHICTIO. HaBeeHo mpuKiiax BUKOHAHHS
PO3paxyHKy Ta 3[iHCHEHO MOPIBHSIHHS Pe3yJIbTaTiB PO3PaxyHKY MIIHOCTI 3 BUKOPHCTAHHSAM Koe(illieHTa «3MIIHEHHSI» 3a
oboma Teopismu K y TabuuaHild Gopmi, Tak 1 MUIIXoM MoOyRoBH rpadikiB 3aJeKHOCTI 3HAYEHb MIIHOCTI TPyOOOETOHHOTO
eJleMeHTa ¥ koedilieHTa 3MiITHEHHsI OETOHY Bif Horo kiacy. BinmiueHo cyTTeBe 3pocTaHHS KoedilieHTa 3MIITHEHHS JUIs HH-
3bKHX KJIACIB OETOHY IPU BiJIIOBITHOMY 30iIbIICHHI TOBIIMHH CTiHKH TPyOU 3a 000Ma TEOpisMH, IO MOXKE CBIIYUTH IIPO
CYTTEBI pe3epBH MILIHOCTI Ta OTPeOye MOJANBIIOT0 TEOPETHYHOTO i eKCIIEPUMEHTAIBHOTO JIOCII [PKEHHSI.

Kurouogi ciioBa: 3aii306eToH, craib, Tpy0a, MillHICTh, IIIACTUYHICTS.
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Introduction

Currently, many experimental and theoretical studies
have been conducted on the composite elements re-
sistance with concrete-filled circular steel pipe sections
to longitudinal (axial) compression. The occurrence of
the strengthening phenomenon arising in concrete,
which filled the pipe, was proved by the studies results.
This is mainly due to the deformation limiting artifi-
cially created conditions by the outer tube-shell. Also,
a way of applying an external load to the concrete-filled
steel pipes has not gone unnoticed by researchers in this
aspect. The first case is the load application to the pipe
and concrete at the same time [ 1] and as the second case
is considered the situation when the load is applied only
to the concrete [2, 3]. The adhesion level of the contact
“tube — concrete” was taken into consideration as well
as the destruction criteria (the first — for the yield stress
achievement in the pipe, the second — the state of con-
crete element complete destruction).

It is known that much research has been done on these
issues, but despite this, there is still a wide contradic-
tions range in ideas about the pipe and concrete core
joint work. Obviously, the proposed analyzing methods
of composite steel and concrete elements strength are
significantly affected by these contradictions directly.

Review of the research sources and publications

In this study, as the criterion for the destruction of the
composite steel and concrete member the second oper-
ation state is adopted. This ultimate limit state is de-
clared the main one in the norms [4, 5]. Widespread in-
troduction in the modern analysis methods of building
structures of the ultimate state concept based on the
manifestations of composite materials plastic proper-
ties [6, 7] sufficiently substantiates the non-availability
of need to use the first condition (criterion) for calcu-
lating the concrete-filled steel tubular members
strength. The number of different methods is constantly
increasing, in particular it is observed in the norms of
the USA [8, 9], Canada [10], England [11], and Europe
[12].

Therefore, this article presents a possible solution to
the existing problem in the analysis the composite
members strength theory, which is based on the intro-
duced modern views on the concrete work in combina-
tion with reinforcement and steel shell [13 — 18].

Definition of unsolved aspects of the problem

From the above contradictions follows an important
composite steel and concrete elements designing prob-
lem, it is the structural dependencies lack, in terms of
concrete volumetric stress-strain state would clearly
distinguish the strengthening component. A large num-
ber of empirical methods for analyzing the compressed
concrete-filled steel tubular members strength have
been proposed to eliminate this gap. Unfortunately,
their main imperfection is the empiricism accumula-
tion, which does not contribute to a deep understanding
of the tubular concrete elements composites complex
work.

Problem statement

The aim of this paper is to obtain an analytical expres-
sion for the concrete strengthening coefficient calcula-
tion of the concrete-filled steel tubular member core at
the complete destruction moment and the element
strength equation, where the stresses in the pipe would
reach the limit values at the element destruction time,
in case the materials strength completely using.

Basic material and results

Under the action of axial compression, the normal
cross section strength of a cylindrical concrete-filled
steel element, taking into account the concrete meridi-
onal pressure p on the tube (shell) and the meridional
(axial) stresses o in it, will be ensured if condition (1)
is fulfilled (figure 1).

NEdSNRd:Ac(fc"'A"p)"'AS B (1

where A. is the concrete cross-sectional area in the
pipe, As is the pipe cross-sectional area, f; is the limit
stress value in the concrete at its destruction.
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Figure 1 — Design diagram of concrete-filled steel
tubular member deformation mode:
1 — concrete; 2 — tube (shell)

The right equation side (1) is a well-known expres-
sion [6], which only partially takes into account the
shell operation in the boundary state in the axial direc-
tion, so the calculated normal cross section values of
tubular concrete elements do not allow to use materials
completely. Thus, the stress values o1 in equation (1)
can be much less than the stress limit value of the con-
crete-filled steel tubular element steel pipe f; in its ulti-
mate state. The calculations’ consequence with such in-
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accuracy is insufficient use of the concrete-filled ele-
ment normal cross section strength calculated value.
Therefore, the purpose of this article is to eliminate cal-
culations shortcoming, namely to obtain the reinforced
concrete steel tubular element strength equation, which
would allow the materials complete strength.

To obtain the tubular concrete element strength equa-
tion, which would allow to obtain the materials strength
value, which is used in full, consider the tubular con-
crete element part with thickness dz = 1 (Fig. 1).
It should be borne in mind that the circular force inside
the layer of the shell with a thickness dz = 1 (Fig. 1)
from the meridional pressure p of concrete can be found
from the equation oy,--dz = p-R-dz, whence

Oyt
R

2

If expression (2) is substituted in the right equation
part (1), then the result of this action will be such a de-
pendence as:

NRd = Ac[fc +4%¢j+ As Oy - (3)

Given that for equation (3) the values of 4, =27 R ¢
and A, =  R?, their ratio was obtained as:

i— AS 4
R 24 “)

c

After obtaining equation (4), the next step in mathe-
matical transformations will show us expression (3) in
the following form:

NRd =Acfc+20-32'As+As'o-sl . (5)

Now, to represent expression (5) in a more perfect
view, it was introduced the notation:
O-S

=2 -k = o, =
Oyl

lo
22 o =koy . 6
i 2 1 (6)

from (1) it becomes clear that
NRdzAcfc+(2k+l)'As'o-sl : (7

The above expression (7) has two unknown quantities
os1 (or axial stresses oy and meridional stresses o;2) and
k. The first of them, for example o5, can be easily de-
termined from the condition of compatibility and shell
deformation uniformity and concrete in the radial direc-
tion. Given this deformation feature of the tubular con-
crete element layer dz, it can be determined that at point
A the displacement of concrete u. and the steel shell u;
displacement are equal, i.e.

Us = U . ®)

Each of the displacements given in equation (8) can
be calculated from the expressions obtained during the
study. In particular

u, =g, -R= (5]1@ ©))

c

On the other hand, the displacement u. in equation (9)
can be expressed in terms of the circular stresses ;2 un-
known value with the using dependence (2). In this

context:
u = Osa i R,
< | E R

where E. is the concrete deformation modulus;

t 1s the thickness of the shell; R is the shell inner ra-
dius.

The next step is to express the displacement us from
equation (8) due to the unknown value of the circular
stress ay». For this action, it is assumed that all points of
the inner ring of the shell (including points A and C)
due to the pressure p have a radial displacement. As a
consequence of this process, the inner ring expanded by
27 (R + us) — 2w R = 27 X u;,, and the relative value of
this elongation in the circular direction, in its turn, was
& =21 * ug/ 2w R = u, / R. However, considering that
the relative radial displacement value us is also the
value of u; / R, it must be noted that the relative shell
displacements in the radial and circular directions are
the same. If this proof of the shell relative displace-
ments (deformations) equality in the radial and circular
directions was chosen as a basis, that

(10)

(11)

The relative shell deformation in the radial direction
can be found from the dependences based on Hooke's
Law [15 — 17], if the calculation basis is the shell rela-
tive displacements equality in the radial and circular di-
rections in case of concrete-filled steel tubular element
deformation. Taking into account these dependencies,
it becomes clear that

us=&R.

& =3 Sl, (12)

here v is the Poisson's ratio.

From expression (11) the tube shell radial displace-
ment, taking into account equation (12) will take the
following form

(13)

In turn, the unknown value of oy, from equation (7)
can be determined from the dependence, which will be
obtained by replacing in equation (8) each of the quan-
tities by its corresponding expressions (10), (13) and
after performing certain mathematical transformations.
This dependence is given below as expression (14).

512 (14)

here D = 2R is the inner diameter of the shell.
Applying relation (6) and equation (14) at the same
time, it can be reasonably noted like a

1% 14

k= = .
1_2Esi l_zai

D D

N

(15)
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If expression (15) will chosen as a basis, then the de-
pendence (7), which makes it possible to determine the
strength of the concrete-filled steel tubular element nor-
mal cross section, will be appropriately presented in the
following form:

2v

Neg =41+ +1 |40y
1-2a —
*D

(16)

Using equation (7) or (16) with the expression of dis-
placements through stress in order to check the strength
of the cylindrical tubular concrete element under cen-
tral compression normal cross section, it is necessary to
make an additional equation to calculate the meridional
stresses ai1. Such an equation can be reduced to a form
in which it would become the Saint-Venant (17) or Hu-
ber-Mises-Genk (18) plasticity theory condition, and
would occur as follows:

O-s1+6s2:fy~ (17)

652'1 — 0405, +O_§z :f)z (18)

When (17) and (18) are used together with (6) and (7),
it is possible to obtain the final expression form to de-
termine the tubular concrete element under central
compression bearing capacity:

Npg =k A S+ A4S,

s e

(19)

According to the Saint-Venant plasticity theory, in
expression (19) the concrete strengthening coefficient
will be determined from equation (20)

k=1 L (20)
: k+1f. D
where
k= 2VE - - t’
e SUR T PALS @b
E, D *D
based on relation (6) and knowing that
O¢, = 4 O = 4 O,
52 7 s s1°
IR VL
S D

If the theory of Huber-Mises-Genka plasticity is ap-
plied to (19), then to determine the concrete strength-
ening coefficient the following dependence become ob-
tained:

k. =1+4(2k+1—1]f-"’.
NE +k+1 f.D

As for the equations for determining the tubular con-
crete element bearing capacity, after substituting in ex-
pression (19) the equations for calculating the value of
the concrete strengthening coefficient according to both
the above plasticity theories (20, 22) dependencies be-
come obtained by which it becomes possible to calcu-
late the tubular concrete element bearing capacity val-
ues by applying the Saint-Venant (23) and Huber-
Mises-Genk plasticity theories(24).

(22)

4k f, t

]Affc + A S,

k+1f D 23)

NRd:[H

2k +1 ft X
Ny =144 —-1|2=— |Af.+ A S, 24
(+ [\/k2+k+1 ch D] o+ A, @9

Example of calculation. Determine the steel tube con-
crete-filled steel column bearing capacity with a diam-
eter D = 102 mm and a wall thickness ¢+ = 3 mm.
The steel yield strength stresses value f, = 287 MPa
(Es = 210000 MPa, v = 0,3). The tube is filled with
concrete with the characteristics: f = 13,5 MPa,
E.=25600 MPa.

The element bearing capacity is determined based on
Saint-Venant's theory by expression (23) and based on
the Huber-Mises-Genk theory by expression (24) by
the following method.

1. Find the parameter & value the using expression (15):

v v 0,3

k= T3E, 1 = = =0,580,

3,0

1 Lo b 122820320
%) 102

given that in this equation
E, 210000

E. 25600

2. The concrete k. strengthening coefficient when ap-
plying the Saint-Venant plasticity theory by expression
(20) is established:

ak f, ¢

=8,203.

fo—1e 2k Lt 4x0.580 28T 3 418
; k+1f D 0,580+1 13,5 102
The value of the strengthening k., coefficient by ap-
plying the of Huber-Mises-Genk plasticity theory by

expression (22):
- +4(2k+1 jfyt _
NE* +k+1 ) f. D
leal_2x058041 1287 3
J0,580°+0,580+1  )13,5 102
3. The tubular concrete element bearing capacity the
is calculated taking into account theSaint-Venant plas-
ticity theory by expression (23) as:
Ny =k Af. +Af, =(1,918x7238,2x13,5+

2,231.

es“Ted e

+933,1x 287)x 10 = 455,2 kN,

given that in this
As=933.1 mm?.

The tubular concrete element bearing capacity ac-
cording to expression (24) when applying the Huber-
Mises-Genk plasticity theory is calculated as follows:

Npo =k A fo+ A f, =(2,231x7238,2x13,5 +

s e

+933,1x287)x10~° =485,8 kN.

To identify the nature of the change in the concrete
strengthening coefficient value depending on various
parameters, it was calculated in the range of all concrete
classes [19]. For comparison, 2 sections of pipes with a
diameter of 102 mm with a wall thickness of 3 mm and
1 mm, respectively, were used. The steel characteristics
were taken from the calculation example. The calcula-
tions results are shown in Table 1.

equation A, = 7238.2 mm?,
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Table 1 — The concrete strengthening coefficient values for tubular concrete elements
with different pipe wall thickness of the pipe

A wall thickness £ =3 mm A wall thickness =1 mm
No. Concrete
class Kes by Kes by kO —f 0 " kes by kes by kD _ @ o
(20) (22) kS (20) (22) kS
1 C12/15 3,198 4,139 22,73 1,379 1,586 13,05
2 C16/20 2,291 2,933 21,89 1,268 1,415 10,39
3 C20/25 1,916 2,389 19,80 1,208 1,321 8,55
4 C25/30 1,739 2,127 18,24 1,175 1,27 7,48
5 C30/35 1,617 1,943 16,78 1,151 1,233 6,65
6 C32/40 1,531 1,814 15,60 1,133 1,205 5,98
7 C35/45 1,453 1,695 14,28 1,116 1,179 5,34
8 C40/50 1,403 1,619 13,34 1,105 1,162 4,91
9 C45/55 1,365 1,561 12,56 1,096 1,148 4,53
10 | C50/60 1,328 1,504 11,70 1,087 1,134 4,14

As can be seen from table 1, if the concrete strength-
ening coefficient values deviation according to two dif-
ferent plasticity theories is analyzed, given as a percent-
age for each case of different pipe wall thickness, it can
be concluded that for samples with a wall thickness of
I mm in most cases it will be smaller than with a wall
thickness of 3 mm.

The calculated concrete strengthening coefficient val-
ues, which were obtained on the basis of Saint-Venant
and Huber-Mises-Genk plasticity theories, were com-
pared by plotting the concrete values strengthening co-
efficient dependence on the concrete class (Fig. 2).

—e—t=3 mm; by (20) —8—t=3 mm; by (22)

According to the same initial data for the same cases
of tubular concrete elements pipe wall thicknesses tak-
ing into account the obtained concrete strengthening
coefficient values, that were given in Table 1, then cal-
culate the bearing capacity value and enter the calcula-
tions results in Table 2. Also in this table the error value
of the concrete-filled steel tubular elements bearing ca-
pacity values, which were calculated on the basis of
Saint-Venant plasticity theories by expression (23) and
Huber-Mises-Genk expression (24), in percent to facil-
itate the results and clarity analysis.

—4—t=1 mm; by (20) —a—t=1 mm; by (22)

45
4 A\
35 \

=
AN

2,5

15 \ —u
\ ' 3 —
> . —— — — —
1 ¥ =
0,5
0
C12/15 C16/20 C20/25 C25/30 C30/35 C32/40 C35/45 C40/50 C45/55 C50/60
Figure 2 — Graphs of concrete strengthening coefficient values dependence
on a concrete class for pipes with the set parameters
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Table 2 — The bearing capacity values of the concrete-filled steel tubular elements

with different pipe wall thickness of the pipe

A wall thickness £ =3 mm A wall thickness = 1 mm
No. Concrete
class Nraby | Nraby Ne™ = No™ Nra by Nra by Ny =N ™,
@3), kN | @4, kN | — n.m | @3).KN | @4kN | T oy
1 C12/15 464,6 522,5 11,08 352,6 365,4 3,49
2 C16/20 458.,5 511,9 10,44 373,3 385,6 3,17
3 C20/25 468.,9 518,5 9,57 394,6 406,4 2,92
4 C25/30 481,8 529,5 9,02 4124 424,1 2,76
5 C30/35 496,0 542,0 8,49 430,3 441,8 2,62
6 C32/40 511,6 556,7 8,10 448,2 459,7 2,49
7 C35/45 530,7 574,5 7,62 469,7 481,1 2,37
8 C40/50 547,1 590,1 7,29 487,8 499,1 2,27
9 C45/55 564,2 606,8 7,01 505,8 517,1 2,18
10 C50/60 585,0 627,0 6,70 527,4 538,7 2,08

In general, the data in Table 2, firstly, is a clear proof
of the obtaining the elements bearing capacity value
possibility according to the above calculation method
and, secondly, demonstrate that the bearing capacity
values obtained from the same source data, i.e. calcu-
lated for one case, but given the different plasticity the-
ories application, do not differ significantly. Due to the
direct influence of the concrete strengthening coeffi-
cient value on the elements bearing capacity value,

based on this table, it is concluded that the obtained val-
ues discrepancy according to different plasticity theo-
ries decreases with decreasing wall thickness.

Graphs of the bearing capacity value dependence on
the prototype concrete class were compiled to better un-
derstand the calculations results. These graphs are
shown in Figure 3.
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Figure 3 — Graphs of dependence of values of bearing capacity on a class of concrete
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Conclusions

Based on the Saint-Venant and Huber-Mises-Genk
plasticity theories application, analytical expressions
are obtained to calculate the concrete reinforcement co-
efficient of a tubular concrete element core in the limit
state and the strength equation of a tubular concrete el-
ement, which allows to use full strength. Calculations
were made according to the given expressions and com-
parison of the coefficient strengthening values, ob-
tained on the basis of the both presented plasticity the-
ories application. To determine the proposed method
accuracy, it is planned to compare the calculation re-
sults with experimental data.
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CBiTOBa CTaTUCTHKA CBiYUTH, II0 OCHOBHA YacTKa PyWHYBaHb B {H)KCHEPHil MPAKTHLI BiAOYBa€ThCs Yepe3 yTOMY KOHCTPYK-
wiit 1 marepianis. ToMy npoGiema BTOMH € OJHI€IO 3 HAWOIIBLI aKTyaIbHUX HAYKOBO-TEXHIYHHX 3aBJaHb CY4acCHOCTI, BUPI-
IIeHHS SIKOT MOTpebye M0JaTKOBUX KOMIUIEKCHUX €KCIEePHMEHTAIBHHX 1 TEOPEeTHIHHUX NOCTipKeHb. Cepen BiIoBinaIbHIX
KOHCTPYKIH 1 00'€KTiB HU3bKOTEMIIEPATYPHOTO MPU3HAYEHHS IIIPOKOTO ITOMHUPEHHsT Ha0yiu 3BapHi BEIMKOrabapUTHI €MHO-
CTi 1 pe3epByapH, 10 1epeOyBaroTh i THCKOM IpH Temrepatypax Bix 293 o 4,2 K. Taki OyzaiBenbHI KOHCTPYKILi1, IPAIIOI0Th
B yMOBaxX IUKJIIYHOTO BiJ HYJIIEOBOTO PO3TATYBAHHS, IO ITOBTOPIOETHCSA 3 HU3BKOIO YacTOTOIO. Taki yMOBH HaBaHTa)KCHHS
BUHHUKAIOTh MPH SKCIUTyaTalil MOCYIMH Uil TPAHCIIOPTYBaHHs 1 30epiraHHs 3piPKeHUX ra3iB (KUCHIO, a30TY, BOIHIO, TeIi0),
KpiOreHHUX TPYOOIPOBO/IB, OCYIHH BUCOKOI'O THCKY, KpioreHepatopos i T.. ToMy 3aBaaHHs OLiHKH HeCydoi 3AaTHOCTI i
JIOBFOBIYHOCTI B YMOBaX BIUIMBY LIMKJIIYHHX HAaBaHTA)XCHb B IIMPOKOMY Jiala3oHi TEMIEpaTyp Mae HaJ3BHYAiHO BajKJIMBE
3Ha4eHHs. Y poOOTI HABOAATHCS PE3YJIbTATH EKCIIEPUMEHTAIBHUX JOCIIKEHb BIUTMBY MIHOOKOTr0O OXOJIOKEHHS Ha MaJIOLH-
KIIiYHAa BTOMY 1 IUKJIIYHY ITOB3Y4iCTh HepiKaBitouoi KOHCTpyKmiKHOI ctami 03X20H16AI'6 B yMOBax ITyIbCyl0UOro IUKITY
3MiHM 30BHILIHBOTO HaBaHTaXeHHs 3 yacToror 0,033 ¢! (2 uMKI/XB) Ha MOBITPi i B CEPEIOBUIAX PiJKHX XOJIOJOArEHTIB
(azorty i remiro) mpu Temmeparypax 293, 77 i 4,2 K BianmoBinHo. Pe3ynbTaty eKcriepiMEHTaIbHUX TOCHTIKEHbD ITiITBEPININ
ToH pakT, o B iHTEepBai Temneparyp 293 — 77 K Ha KpHBUX IUKITIYHOT HOB3Y4OCTI CTais IPHCKOPEHOI ITOB3YJOCTi BEIBMHU
oOMe)keHa TI0 TOBrOBIYHOCTI, a00 B3araii BiICYTHs, TOMy MOXKHA 3 YIIEBHEHICTIO CKa3aTH, L0 YUCIIO LUKIIIB 10 PYHHYBaHHI
cranmu 03X20H16AT'6 B manouukioBoi obsacti Oyne Bu3HadaTHCs ii 3AaTHICTBIO YHHUTH oMip Aedopmarii Ha cTamii cramii

Ki1ro4oBi c10Ba: KOHCTPYKIIIHI CIUIABH, TIHOOKE OXOJIOKCHHS, MAJIOIUKIIIYHA BTOMA, IIMKIIIYHA TOB3Y4iCTh
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Introduction

Metallurgy, mechanical engineering, energy, agricul-
ture, food industry, energy, electronics, rocket and
space technology - this is far from the complete list of
national economy areas in which liquid cryogenic prod-
ucts (cryoproducts). The production volumes of such
products and their use scale are constantly increasing.
This is due to the fact that cryogenic temperatures (be-
low 120 K) provide unique opportunities for the imple-
mentation of such physical phenomena and processes
that do not manifest themselves under normal condi-
tions, but are used very effectively in science and tech-
nology.

The solution of fundamental scientific problems and
applied problems of both promising and current im-
portance is determined by the level of cryogenic tech-
nology development and its practical application de-
gree.

The continuous expansion of the liquid cryoproducts
production scale has led in recent years to a significant
increase in the volume of systems production for their
storage and transportation. These systems, as a rule, are
welded shell structures in execution, they are operated
in difficult conditions of temperature and force effects.
The specific weight of their products in the total output
of cryogenic engineering products is very significant,
and the operating conditions in comparison with other
types of cryogenic structures are the most stressful.

For the manufacture of cryogenic shell structures, ex-
pensive non-ferrous alloys and special steels are used,
the consumption degree that, taking into account the
sufficient struction material consumption and the ex-
panding production scale, is constantly increasing.
Therefore, one of the most urgent for cryogenic engi-
neering at present is the problem of reducing the mate-
rial consumption of shell structures and increasing their
reliability and durability. It is obvious that a solution
to this problem for cryogenic engineering products can
be achieved by improving the methods of their strength
calculations based on taking into account the specific
hardening effect of low temperature on structural al-
loys. Low-cycle fatigue is one of the main factors de-
termining the durability (operating life) of the main
structural parts. According to world statistics, a large
part of failures in engineering occurs precisely because
of fatigue. Therefore, the fatigue problem is currently
one of the most relevant scientific and technical prob-
lems. Its solution requires additional complex experi-
mental and theoretical studies [1].

Assessing the bearing capacity and durability under
cyclic loading conditions is extremely important.

Welded large tanks and containers being under pres-
sure at a temperature from 293 to 4.2 K are widespread
among critical structures and units for low-temperature
purposes. Such building structures operate under con-
ditions of zero-to-tension stress cycle repeated at a low
frequency. Such loading conditions take place during
the use of containers for the transportation and storage
of liquefied gases (oxygen, nitrogen, hydrogen, he-
lium), cryogenic pipelines, high-pressure vessels, cryo-
generators, etc. As a result of cyclic changes in loading
(especially in concentrators zones), significant stresses

can arise in the material of these structures. Therefore,
stresses can reach and exceed creep strengths, which
leads to their failure after a small number of loading
cycles N [2].

Review of research sources and publications

In the total rolled production volume, structural steel
makes the largest amount.

During their service, various facilities and structures
made of these materials bear complex external loading
(tensile, compressive, bending, shock, alternating signs
or their combinations), experiencing fluctuations in
ambient temperature in the summer and winter months.
They are also exposed to the atmosphere and corrosive
environment (sea and river water, aqueous solutions of
salts, alkalis, acids, etc.).

Sharp drops in temperature under conditions of struc-
turally constrained deformation lead to great residual
stresses, which, combining with the stresses from ex-
ternal forces, complicate the operating conditions of the
material and can lead to accidents if its quality is unsat-
isfactory [3, 4].

There are high demands on steel as a structural mate-
rial. This is explained by difficult operating conditions
of mechanisms and structures, especially in the north-
ern regions, reduced design sections when creating
modern structures, machine units, and mechanisms
aimed to reduce their mass and metal consumption and
the need to ensure reliability, durability, and safety of
their operation. Depending on the conditions of use and
operation, the requirements for structural steel may
somewhat change, but the most important of them can
be generally distinguished.

The structural steel of building structures must have a
combination of high strength and plastic properties.
Creep strength is the main structural characteristic
among the strength properties. The choice of this char-
acteristic as the basis for strength calculations is ex-
plained by the fact that at higher stresses, irreversible
linear changes take place in the structure, which can
lead to its failure. Increased creep strength allows re-
ducing the design sections, and, consequently, the steel
structure mass, or bearing higher operating stresses at
the same mass.

As the structure operation experience shows, metal
should have the property of local plastic deformation
for relaxation of stress peaks in the zone of various con-
centrators (holes, grooves, undercuts, dents, lack of
penetration, welding cracks, etc.) leading to the three-
dimensional stress state. The better this property is, the
more resistant the metal is to the occurrence and prop-
agation of cracks at local overstresses, i.e., ultimately,
the metal reliability in structures increases.

Along with the strength and plasticity properties, a
very important role in ensuring reliability and structure
performance is given to indicators that determine metal
entering the brittle state. Firstly, this is the operating
temperature of the constructed structure, the presence
of a notch (concentrator), the load application rate, and
the three-dimensional stress state degree.

Currently, the problem of increasing the metal re-
sistance to brittle failure is becoming one of the most
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important. This is explained by the need to ensure the
reliability of structures and machines under harsh cli-
matic conditions. Besides, an increase in the scale of
engineering structures, the use of large welded assem-
blies and structures with greater rigidity and lower flex-
ibility than riveted structures, as well as the material be-
havior under conditions of a combination of high
stresses and corrosive environments create conditions
leading to brittle failure [5, 6].

To assess the tendency of steel to brittle failure, there
is a widely used method of impact testing of standard
samples with the determination of impact strength and
temperature of entering the brittle state. The prevalence
of this type of testing is explained not only by the sim-
plicity of making samples and a simple method of the
series test but also by the fact that statistically reliable
relations are sometimes observed between the impact
strength properties and the steel behavior during oper-
ation.

However, in most cases, impact strength testing of
standard samples does not give a complete picture of
the material behavior in a structure.

Therefore, they are trying to find better methods for
determining the tendency of steel to enter the brittle
state, which would more fully correspond to the real
conditions of the metal behavior in structures.

While manufacturing metal structures and specific
types of rolled products (for example, railroad rails),
which bear alternating loads during operation, an im-
portant role is given to increasing the endurance limit
as one of the factors determining their service life.
The endurance limit increases with increasing strength,
metal purity as for non-metallic inclusions, improving
the quality of its surface. It is especially important to
increase the endurance limit in the presence of stress
concentrators.

A prerequisite for durability and reliability of struc-
tures and facilities is sufficiently high corrosion re-
sistance. It is especially important to increase the cor-
rosion resistance for high-strength steel due to de-
creased design sections of structural elements when us-
ing this steel. At smaller structural sections, corrosion
damage is more dangerous than in thicker sections
made of steel with reduced strength.

To prevent corrosion, steel is subjected to special al-
loying (chromium, nickel, copper, phosphorus), careful
and timely painting, galvanizing, and phosphating.
Recently, it has been proposed to apply a vinyl chloride
covering on the metal surface.

Finally, structural steel must have satisfactory pro-
cessing properties. First of all, it must meet the require-
ments of weld ability ensuring the same strength of the
basic metal and the welded joint and has a minimal ten-
dency to deformation aging. It must be processed with-
out any special difficulties in the hot and cold states
(rolling, forging, bending, processing on metal cutting
machines), and be relatively inexpensive to manufac-
ture.

Definition of unsolved aspects of the problem

It has been experimentally established that under low-
cycle loading, directional plastic deformation of struc-
tural alloys takes place, which is most clearly mani-
fested in the asymmetric loading cycle. The process of
one-sided accumulation of plastic deformation &, oc-
curring as a result of variable loads is called cyclic
creep [1].

In some national works, as well as in the works of
foreign authors, experimental data are given indicating
that at high-stress levels and low loading frequencies,
cyclic creep is a factor determining the material dura-
bility not only at the high-temperature but also for the
temperature range of 293 and 77 K [1, 5].

Problem statement

Experimental study of the operating temperature ef-
fect on low-cycle fatigue, cyclic creep, and durability
of materials of cryogenic structures based on the exam-
ple of 03H20N16AG®6 structural steel.

Basic material and results

In this work, experimental studies have been con-
ducted to identify the effect of deep freezing on low-
cycle fatigue and cyclic creep based on the example of
03H20N16AG6 stainless steel. Loading has been car-
ried out in a pulsating cycle with a frequency of
0.033 s! (2 cycles/min) in air and liquid refrigerants
(nitrogen and helium) at temperatures of 293, 77 and
4.2 K, respectively.

Analysis of the obtained experimental data has shown
that directional plastic deformation takes place at the
test temperature of 293 K in the range of fatigue life of
0.5-10* cycles (Fig. 1). For comparison, the curves of
cyclic creep for steel 03Kh13AG19 and PT3V titanium
alloy are shown (Fig. 2, Fig. 3).

In 03H20N16AG6 steel, cyclic creep takes place
most intensively in the zone of stresses corresponding
to quasi-static failure (Fig. 1). The curves characteriz-
ing the kinetics of changes in plastic deformation de-
pending on the number of loading cycles in this stress
zone have three characteristic sections: unsteady decay-
ing, steady, and unsteady accelerated creep. At the
same time, plastic deformation mainly takes place dur-
ing the last two stages.

A decrease in the test temperature to 77 K does not
qualitatively change the nature of deformation and fail-
ure of the studied materials. However, there is a sharp
deceleration of directional plastic deformation charac-
terized by a change in the inclination angle of the steady
creep sections on curves built for the same values of
reduced stresses at test temperatures of 293 and 77 K
respectively.

Thus, taking into account that in the temperature
range of 293 and 77 K the stage of accelerated creep is
very limited in terms of durability, or is absent at all on
the cyclic creep curves, it can be said with confidence
that the number of cycles before failure of these mate-
rials in the low-cycle zone will be determined by their
ability to resist deformation at the steady-state.

36 Academic journal. Industrial Machine Building, Civil Engineering. — 1(54)’ 2020



At the same time, the kinetics of directional plastic
deformation of 03H20N16AG6 steel at temperatures of
293 and 77 K can be described from the standpoint of
the theory of hardening with a sufficient degree of ac-
curacy. Significant changes in the behavior of structural
materials occur when they are tested under deep freez-
ing conditions (T = 4.2 K). The deformation mecha-
nism changes, plasticity decreases sharply [7]. Defor-
mation accumulated before failure takes place in the
first loading half-cycle as a result of intermittent creep
acts, the number of which is uniquely determined by the
level of maximum cycle stresses [8 — 11].

With further cyclic loading, there is no plastic defor-
mation of the material. This indicates that directional

plastic deformation at T = 4.2 K is completely sup-
pressed, and failure of the samples takes place as a re-
sult of the formation and development of a fatigue crack
to the critical value.

At the same time, it should be noted that intermittent
creep has been experimentally recorded for some struc-
tural materials at the initial stage of cyclic loading.

Consequently, the absence of cyclic creep in struc-
tural steel and alloys at T =4.2 K cannot be considered
as an established fact. Additional experimental studies
are required for a deeper research of this phenomenon.
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Figure 1 — Cyclic creep curves of 03H20N16AG6 steel
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Figure 2 — Cyclic creep curves of 03Kh13AG19 steel
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Conclusions

1. At the test temperature of 293 K in the range of
durability of 0.5-10* cycles, 03H20N16AG6 steel has
directional plastic deformation, which is a factor deter-
mining the durability of cryogenic structures.

2. For samples of 03H20N16AG®6 steel, cyclic creep
takes place most intensively in the stress range corre-
sponding to quasi-static failure. They determine the ser-
vice life of metal structures and specific types of rolled
products.

3. Lowering the test temperature to 77 K does not
make qualitative changes in the nature of the material
deformation and failure. Therefore, the durability of
cryogenic structures in this temperature range is com-
pletely controlled by the cyclic creep intensity.

4. At T = 4.2 K, directional plastic deformation of
03H20N16AG6 structural steel is completely sup-
pressed, and failure takes place as a result of the for-
mation and development of a fatigue crack to the criti-
cal value.
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A method for calculating rectangular cross-section bending elements, reinforced with ordinary and prestressed reinforcement,
as well as steel fiber, based on the deformation method. This takes into account stress losses in the reinforcement from creep
deformations and shrinkage of steel-fiber-concrete. The increase in compressive strength of reinforced concrete under biaxial
compression conditions is also taken into account. The bearing capacity calculation results of a standard road plate P60.38 and
a similar plate with metal fiber are given.

Keywords: bearing capacity, steel-fiber-concrete, bending moment, curvature, prestressed reinforcement, relative defor-
mations, stresses in reinforcement, stresses in steel-fiber-concrete

Meroanka Ta NPUKJIAL PO3PAXYHKY
KOMOIHOBAHO apMOBAaHUX 3rHHAJIBHUX €JIEMEHTIB
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CyuyacHe OyAiBHHITBO HEMOXKIINBE O3 BUKOPHCTAHHS 33113006 TOHHUX KOHCTPYKIIiH 3 IONepeIHbO-HAMPYKESHOIO apMaTypOIo.
Jlnst TOKpameHHs MIIHICTHUX Ta Je(OpMaTHBHHX XapaKTepUCTHK OCETOHY BHKOPUCTOBYIOTH (hiOpoBe apMyBaHHS.
Cepen Takux (iOp HaMOUIBII ITMPOKO BUKOPUCTOBYETHCS cTasbHA (hibpa. BoHa 3HauHO MOKpalrye MinHicTh cTanediopode-
TOHY Ha po3Tsr. Lle mae MOXIMBICTH BpaXxOBYBaTH poOOTY cTanediOpoOeToHy B PO3TATHYTIH 30HI Iepepizy 3STHHAIBHUX eJle-
MeHTIB. Jlifodi HOpMaTHBHI JOKyMEHTH He JAI0Th HE JAI0Th PeKOMEHaIliH 1010 PO3paxyHKy cTane(hiOpoOSTOHHUX MIIOCKIX
€JIEMEHTIB, sKi IIPaIfOIOTh Y IBOX HampsiMKax. BincyTHi pexomeHmanii Mmoo po3paxyHKy cranedioOpoOeTOHHUX eeMeHTIB 3
TIoTIepeTHEO-HAPY)KEHOIO apMaTypoIo. JloCIiPKEeHHS Hecyqo1 34aTHOCTI, TPIMMHOCTIHKOCTI Ta fedopmMariiif TBOXOCHO Iore-
PEAHbO-HAIPYKEHHUX CTaNe)iOPOOETOHHUX IUIMT NPAKTUYHO BiACYTHIH. 3apornoHOBaHa METOMKA PO3PaXyHKY 3THHAIBHUX
€JIEMEHTIB MPSAMOKYTHOTO Iepepidy, apMOBaHUX 3BHYAMHOIO Ta IONEPEIHbO-HANPYKEHOIO apMaTypolo, a TAKOXK CTaJbHOIO
¢ibpoto, Ha ocHOBI nedopmartiiinoro meroay. [Ipu 1pOMy BpaxoBYIOTBCSI BTpaTH HalpyXeHb B apMatypi Bia aedopmariit
MOB3Yy4O0CTi Ta ycaaku cranediopodeTony. Takox BpaXxOBYEThCS 3pOCTaHHS MILHOCTI cTanediopoOeToHy Ha CTUCK B YMOBAax
JIBOXOCHOTO OOTHCKY. Y pe3yJbTaTi MOPIiBHSUIBHOTO PO3paxyHKy HECY4oi 3IaTHOCTI CTaHIApTHOI JOpoxHBOI Ty 1160.38
Ta aHaJOTIYHOI IUINTH, Y SKili apMaTypHi CiTKU OyJu 3aMiHeHi CTanbHOIO (GiOpOI0, BCTAHOBIICHO, 110 HECyda 34aTHICTh IUTUTH
31 craipHOIO (ibporo BumIa Bix cranmapTHOL Ha 24,4%. EdexTuBHICTD IUUT 31 CTanbHOIO (GiOpOIO MOJISTAE B TOMY, IO BUKO-
pUCTaHHI CTalbHOI (iOpPH A€ MOXIHUBICT 3MEHIICHHS KUJIBKOCTI BHCOKOMIITHOT TONEpEIHbO-HAIPYKECHOI apMaTypH 10
10...15%. 3aBasiKu XOPOLIMM BJIACTUBOCTSIM cTasiepiOpoOeTOHy IPOTHIIl CTUPAHHIO TPUBANICTE €KCILTyaTamii INNT aepoIpo-
MHHX Ta JOPOXKHIX IIOKPHUTTIB HabaraTo OLIbIIA Bift 32113006 TOHHUX.

KurouoBi ciioBa: miuntH A71s1 HOKPUTTS IOPIr, HECY4a 31aTHICTh, cTanediopoOeToH, 3ruHaIbHII MOMEHT, KPUBU3HA, MOTIepe-
JHBO-HAIPY)KEHa apMaTypa, BiTHOCHI AedopMallil, HApyKEHHsI B apMaTypi, HapyKeHHs B cranediopobeToHi
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Introduction

Modern construction is impossible without using re-
inforced concrete structures with prestressed reinforce-
ment. Fiber reinforcement is used to improve the con-
crete strength and deformation characteristics. Among
such fibers, steel fiber is the most widely used. It sig-
nificantly improves the tensile strength of steel-fiber-
concrete (SFC). This makes it possible to take into ac-
count the SFC operation in the bending elements
stretched cross-sectional area. Current regulations do
not provide recommendations for the SFC flat elements
calculation that work in two directions. There are no
recommendations for the SFC elements with pre-
stressed reinforcement calculation. The bearing capac-
ity study and crack biaxially prestressed SFC road slabs
resistance is practically absent. The purpose of the work
is a comparative calculation of standard road slabs and
slabs with metal fiber.

Review of research sources and publications

In recent decades, extensive research on structures
with inclusions of various fibers [10-13, 16, 17]. Fiber
significantly improves the tensile strength of concrete.
Steel fiber has proved itself very well. Recent studies
of steel-fiber-concrete (SFC) have shown a positive ef-
fect on the work of bending elements. SFB is well re-
sistant to abrasion. Therefore, it can be very effectively
used in slabs of road and airfield surfaces.

Definition of unsolved aspects of the problem

The current regulations do not recommend the calcu-
lation of rectangular elements reinforced with ordinary
and pre-stressed reinforcement, as well as steel fiber.
There are also no recommendations for the calculation
of the SFB of flat elements that work in two directions.

Problem statement

The purpose of this work is to develop a method for
calculating the bending elements of rectangular cross
section, reinforced with ordinary and pre-stressed rein-
forcement, as well as steel fiber, based on the defor-
mation method. When calculating it is necessary to take
into account stress losses in the reinforcement from
creep deformations and shrinkage of steel-fiber-con-
crete. It is also necessary to take into account the in-
crease in compressive strength of reinforced concrete
under conditions of biaxial compression.

Basic material and results

Method of calculation of combined reinforced bend-
ing elements.

Consider a bending element of rectangular cross-sec-
tion, reinforced with steel fiber and rod ordinary and
prestressed reinforcement in compressed and stretched
cross-sectional areas. The stress-strain state of a rectan-
gular combined-reinforced section is shown in Fig. 1.
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)\ e %e) )
N‘\é‘ e ._(y < 02452 e
N } g — UspzAspZ Ep2
NS
< L] N_\T__{:_ __________ =
|
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Figure 1 — Stress-strain state of a rectangular combined-reinforced section

Achieving fiber deformations of limit values is ac-
cepted as a criterion of bearing capacity exhaustion on
a SFB normal section of an element & = -2 fou / Eor:
The value of the ultimate bending moment for the SFB
of bending elements of rectangular cross-section with
pre-stressed reinforcement is recommended to be deter-
mined by the formulas (Fig. 1):

bfyke 3 ap  4n 3
— —=bf s (h—x))+
NPT LAY
. (1
+Zo-siAsi :0;

i=1

bfcfkc 5
— 2
N

k:1k+l

ay

11
7/k+2 _Ebfcﬁ(h_xl)z"'
0 2
+zasiAsi (xl _Zsi)_M =0.
i=1

In dependences (1), (2) according to [5] X — the cur-
vature of the curved axis in cross-section (1/m):

N [1) _ S b

r h ®

&1y — relative deformations of steel-fiber-concrete in
the compressed cross-sectional area;
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&2 — relative deformations of steel-fiber-concrete in
the stretched cross-sectional area;

y — the ratio of relative compression strains () to the
limit e.n:

£
e(l)
= “4)
Eerl
x1 — the height of the compressed zone (m):
ey
X = C? ; (5)
N —relative curvature:
= N
R=T (©)
Eep1

oy — stresses in reinforceng rod;
— distance from the reinforcement gravity center to
the extreme verge compressed section;
ar — the polynomial coefficients, which are deter-
mined depending on the value of the SFC compressive
strength according to the method [8].
We present equations (1), (2) in the form

Nep= N+ Ns =05 (7
Mcf+ Mcft + Mv = M 5 (8)
where: Ny, M. — efforts in the compressed zone of
the SFC;
Neji, M — efforts in the stretched zone of the SFC;
N;, M; — total effort in reinforcing rods.
Let's describe the value of internal efforts
b
Ny = ; (€))
N k= 1k +1
3
Ny :becﬁ(h_xl); (10)

N =0y 2As2 + o-sp2Asp2 s‘lAsl - O-splAspl (11)

_b,
My = kzlk +1 (12)
11 5

Mqﬂzzbfqﬂ(h—xl) ; (13)
M = Ay EGN(x, _Zsl)z +
+ A E gy (R(xp = 251) =& o1 )X —Zgp1 ) (14)
+ A EpN(xy —235)% +
+ A0 E gy (N —20) = €00 (X = Z2)

where: g,0; — strain caused by prestressing reinforce-

ment with all the losses.
Tension in normal and prestressing reinforcement:

_ESiN(xl_Zsi ; (15)

Spl Espz(&(xl Zspz) gp01)~

(16)

Substituting expressions (5), (6), (15), (16) in equa-
tion (9) — (11), we obtain:

bpeen & ap i
=29 ¢ ; 17
o N £k+1y a7
3 Eefl
T ==20); (18)
Ns = ASZESZN('XI - ZSZ) +
+As 2Es 2(&()61 —Zy 2)_‘9 02)_
p2-sp P p (19)
= AGEGN(x —zg) -
A E gy (R(x; = Z1) = €p01)-

Substituting equation (17) — (19) into (7) and after

transformations, we obtain the dependence for
curvature
/ 2
_ —bz + bz —4(126'2 (20)
2(12
where:
az = Aleslzsl +As2Es22s2 +
) (21)
+ Aspl Esplzspl + AspZEspZZspZ >
3
by = thfcﬁ =gy (AgEg + A Ep +
+ AsplEspl + Asp2E3p2) + (22)
+ AsplEsplngI + Asp2Esp28p02;
3 5. a
ey =—=bf.n iy —bf ey S ——y (23
)y 4fﬁ (1) f_f flglk+l7 (23)

After determining the curvature ¥, its values are sub-
stituted into formulas (12) — (14) to determine the mo-
ments My, M, M;. After that, by formula (8) determine
the bending moment M, which corresponds to the cur-
vature N. The calculation is performed step by step for
each value of relative deformations in the compressed
cross-sectional area &), which consistently increases
in magnitude Ae.).

At each step of the calculation necessary to control
the tension in the prestressed reinforcement, which is
located in a stretched zone section. To do this, use
the diagram "o - &" for stressed steel (Fig. 2) [1].
Upon reaching the stress values oy, > f,« in the follow-
ing steps, the stress in the prestressed reinforcement
must be determined by the formula [8]

O =Jpa J{@_ Pd) e (24)
Vs Eud —€po
where:
f _prlk. . =£~
My, T E,
&g =N(x; —2,,)—0.0021.

To determine the bearing capacity of SFC with pre-
stressed reinforcement developed an algorithm, which
is implemented in the program MathCAD.
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Figure 2 — Idealized and calculated diagram "o-¢" for stressed steel

Comparative calculation of biaxially prestressed
road slab.

Prefabricated reinforced concrete prestressed brands
slabs are used for paving P60.38, P60.35, P60.30,
which correspond to the current DSTU [4]. Plates of the
brand P60.38 have the sizes in the plan 6,0%3,75 m,
brand P60.35 — 6,0x3,5 m, brand P60.30 — 6,0x3,0 m
and a thickness of 140 mm (Fig. 3).

Slabs are made of concrete class C25/30 and rein-
forced with pre-stressed reinforcement in two direc-
tions (Fig. 3). The plate P60.38 is reinforced with

24010800 fittings located in the longitudinal direction
of the plate in two levels and 18012A800 located in the
transverse direction of the plate in the center. The plate
P60.35 is reinforced with 220310A800, fittings located
in the longitudinal direction of the plate in two levels
and 180012A800 located in the transverse direction of
the plate in the center. The plate P60.30 is reinforced
with 20010A800, fittings located in the longitudinal di-
rection of the plate in two levels and 18@12A800 lo-
cated in the transverse direction of the plate in the cen-
ter.
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Figure 3 — Prefabricated reinforced concrete slabs of brands P60.38, P60.35, P60.30
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Calculation of the bearing capacity of the plate
P60.38 without metal fiber

Section dimensions b=3750 mm, #=140 mm (Fig. 4).

Prestressed reinforcement in two levels on
12010A800: Ay =A45>=942 mm?, E,=190000 MPa;
fpi=840 MPa; f,0 1=765 MPa; £,=0,018. Elongation of
reinforcement taking into account all losses makes
espo=-0,002. distance from the center of gravity of rein-
forcement to the extreme verge compressed section
Zp1=105 mm, z,,>,=35 mm. Reinforcement pitch along
the axis perpendicular to the calculated one S=350 mm.

Concrete class C25/30:  fe=17,0 MPa,

E.~=25000 MPa, &.,,=0,00169, £.,=0,00328.

Polynomial coefficients:
aj ar as
2,7404 | -2,7649 | 1,3416

as

0,03295

aq

-0,35004

The calculation results are summarized in the graph
"moment-curvature”, which is shown in Fig. 5.
The plate bearing capacity is M,=144,9 kKNm.

sp2
7 7 7 7
/4 / / / /
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Figure 4 — The calculated cross-section of the plate P60.38 (a) and calculated parameters (b)
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Figure 5 — Graph "moment-curvature' when calculating
the plate P60.38 without metal fiber

Calculation of the bearing capacity of the plate
P60.38 with metal fiber

Section dimensions b=3750 mm, h=140 mm (Fig. 4).
Prestressed reinforcement in two levels on 8010A800:
Aspr=A5p7=628 mm?;, E;,=190000 MPa; f,,=840 MPa;
Jpo,.=765 MPa; £,4=0,018. Elongation of reinforcement
taking into account all losses makes &g,0= -0,002. dis-
tance from the center of gravity of reinforcement to the
extreme verge compressed section zgy;=105 mm,
zg2=35 mm. Reinforcement pitch along the axis per-
pendicular to the calculated one S=350 mm.

Concrete class C20/25: fe=14,5 MPa,
E.=23000 MPa; £.,=0,00165, £.,~0,00344.

Metal fiber STAFIB 50/1.0: f=1000 MPa; /=50 mm,;
d=1 mm; us=0,01.

The calculated compressive strength of reinforced
concrete is determined according to DSTU [6]:
f;7=22.36 MPa; f;=1.49 MPa.

The modulus of elasticity of SFC E,~24940 MPa.

Polynomial coefficients:

aj az as aq as
2,51816 |-2,14804 | 0,71003 |-0,04839 |-0,03169
Relative SFC  deformations at compression

84’/‘7:0500 1 76; Ecfiu =0.00293.
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Relative SFC
Ecftu :0.00035.

The calculation results are summarized in the graph
"moment-curvature", which is shown in Fig. 6.
The plate bearing capacity is M,=180,3 kNm.

As a comparative bearing capacity calculation result
of the standard road slab I160.38 and a similar plate
with metal fiber, it was found that the bearing capacity
of the plate with steel fiber is higher than the standard
by 24.4%.

strains at tension &,=0,00018;

The steel fiber plate efficiency is that the steel fiber
makes it possible to reduce the number of high-strength
reinforcement from 24010A800 to 160010A800. At the
same time, the plate bearing capacity with steel fiber is
much higher. The number of high-strength reinforce-
ment in the transverse direction is also reduced by 15...
20%.
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Figure 6 — Graph "moment-curvature' when calculating
the plate P60.38 with metal fiber

Conclusions

The general algorithm of bending elements calcula-
tion of rectangular section reinforced by usual and pre-
stressed reinforcing rod, and also steel fiber is offered.

The calculation method is based on the deformation
theory of reinforced concrete structures calculation tak-
ing into account the complete diagram "o-¢" for con-
crete and reinforced concrete under compression.

The method makes it possible to calculate biaxially
prestressed plates. This takes into account the increase
in strength of concrete and steel-fiber-concrete in the
biaxial compression conditions.

As a result of comparative bearing capacity calcula-
tion of the standard road slab P60.38 and a similar plate
with metal fiber, it was found that the plate bearing ca-
pacity with steel fiber is higher than the standard by
24.4%.

The plates’ efficiency with steel fiber is that steel fi-
ber makes it possible to reduce the number of high-
strength prestressed reinforcement to 10...15%.

Due to the good anti-abrasion properties of reinforced
concrete, the service life of aerodrome and road surface
slabs is much longer than reinforced concrete.
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With steel structures help it is possible to construct buildings with individual dimensions and different functions, using typical
design solutions. The increase in the load-bearing building structures unification level is facilitated by the use of the same
transverse frames, which are installed with an equal step. It is possible to ensure the frame stiffness in its own plane by installing
struts between the column and the beam. In this case, the crossbar must be calculated as a beam on the hinged supports on the
frame columns and on the intermediate elastic supports with a given predetermined stiffness on the struts. By adjusting the
struts stiffness and their installation scheme, it is possible to adjust and optimize the stress along the length of the crossbar
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OnTumizaunist peryJitloBaHHSAM 3yCHIb
PAMHO-IIIKICHOT0 CTAJIEBOT0 KAPKACY HMBLILHOI OyaiBJIi

Cemko O.B.!, T'acenko A.B.”, ®igonenxo O.I.3, Marac H.M.*

1.2,3.4 HanionaneHuii yHiBepcutet «Ilonraebka nomiTexnika imeni IOpis KonapaTioka»
*Anpeca mis muctyBauHs E-mail: gasentk@gmail.com

CraneBi KOHCTPYKIiT JO3BOJIIIOTH CIIOPYIXKYBaTH OyAiBII 3 IHAUBIXyaIbHIMH PO3MipaMH Ta Pi3HOTO ()YHKIIOHAIBHOTO IPH-
3HAUCHHS, BUKOPHCTOBYIOUH IIPH I[bOMY TUIIOBI apXiTeKTYpHO-KOHCTPYKTHBHI pimeHHs. [linBuienHro piBHA yHidikanii He-
CyuHx OyAiBeJIbHMX KOHCTPYKIIH CIpHsi€ BUKOPHCTAHHS OJHAKOBHX MONEPEYHUX PaM, IO BCTAHOBIIOIOTHCS 3 PIBHUM KpO-
KOM. JKOpCTKICTh paM y BiacHiil IUIOIIMHI 3a0e3MeuyeThcsi a00 BCTAHOBJICHHSIM CHCTEMU BEPTUKAJIBHHUX 1 TOPU3OHTAIBHHUX
B’s13eii (IpH [{bOMY BY3JIM CIIUPAHHs 0aJIOK Ha KOJIOHH BUKOHYIOTHCS LIAPHIPHUMHE), 200 BIIAIITYBaHHIM KOPCTKUX BY3JIiB MiXK
6ankamu Ta kKononamu. lle omHMM pecypcoeeKTHBHUM CIOcOOOM 3a0e3eUueHHs KOPCTKOCTI paMy y BIIACHIH IUIOMIKHI €
BCTAHOBJICHHS IIIKOCIB MiX KOJIOHOIO 1 Oaikoi0. 3aBASKU TaKOMY PIIICHHIO MiIBUITYEThCS )KOPCTKICTH KOKHOT paMu Ta 30i-
JBIIYETHCS. poOOUMit BHYTPIIIHINA IpoCTip OyAiBIi 32 paXyHOK BiICYTHOCTI BEPTHKAIBHHX B’SI3¢H MiXK KOJIOHAMH y TIOTIeped-
HOMY HanpsIMKy OyniBii. Hepo3pi3Huii puress NepekpuTTs y IbOMY BHIIaJKy HEOOXiHO pO3paxoByBaTH sK OAJIKy Ha IIapHi-
pHUX OIOpax Ha CTiKax paMH Ta Ha IPOMDKHUX NPYXKHHX OIOpax i3 3aJaHOI0 IOIEpefHbO BH3HAYECHOIO JKOPCTKICTIO HA
nigkocax. HanpyeHHs 1o JOBKHHI pUTeIs IIEPEKPUTTSI MOXKHA PEryJIIOBAaTH Ta ONTHMI3yBaTH 32 PaXyHOK 3MiHH KOPCTKOCTI
MiIKOCIB i CXeMH 1X ycTaHOBIEHHs,. [loka3aHo, 1[0 HEXTYBaHHS Pi3HOIO KOPCTKICTIO CTIMOK i MiJKOCIB 3aBUIIYE B IeKiIbKa
pas3iB omopHi MOMeHTH Ha mifKocax. L{e 31 cBoro 60Ky 3MEHIIYe MPOIbOTHI MOMEHTH, L0 3arajoM HPHBOIUTH 10 OTPUMAHHS
XUOHUX Pe3y/bTATIB CTATUYHOTO PO3PaxXyHKY. Y LIJIOMY, BUKOPUCTAHHS PaMHO-MIZAKICHOT CXeMH KapKaca UBIJIbHOI OyaiBii
J1aJI0 MOXKJIMBICT PeCYpCOS(PEKTHBHO BiJIpETYIIIOBATH BHYTPIIIHI 3yCHIIIS 11O OBXHHI OCHOBHUX €JICMEHTIB MONEPEIHUX PaM
Oynisii — cTifiok i1 puremniB. HaBiTb i3 BpaxyBaHHSAM JOZATKOBHX BUTPAT CTaJli HA BIAIITYBAaHHS IIJKOCIB BUTPATH METAITy Ha
Hecyui pamu Oyuisii 3Menieno Ha 6% (0,85 kr/mM?) B OCHOBHOMY 32 PaxyHOK 3MEHIICHHS [IEPEPi3y Ha OJMH HOMED IIPOKAT-
HOTO JIBOTaBPa PUTeJIiB NEPEKPUTTS

KurouoBi ciioBa: nuBinbHa OyaiBiisi, paMHO-IIIIKICHUH CTaNeBUil KapKac, ONTHMI3allis PO3pPaXyHKOBOI CXEMH, PETYIIIOBAHHS
BHYTPILIHIX 3yCHIIb
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Introduction

Reducing typical constructions volume in Ukraine in
recent decades requires reducing the cost of individual
(single for one object) basic load-bearing buildings el-
ements production or increasing the level of their form-
ative and qualitative parameters unification (for exam-
ple, structures load-bearing capacity, levels of design
loads on buildings floors and roofs, etc.) [1].

Steel structures meet the above requirements as they
can be used to construct buildings with individual di-
mensions and purposes, using standard design solutions
[2]. Also, steel load-bearing structures have less weight
compared to a relatively heavier reinforced concrete
carcass, which reduces the laboriousness and terms of
building elements production and installation both due
to the lack of "wet" processes and by reducing the re-
quired load capacity of assembly and transport equip-
ment and machines [3].

Review of the research sources and publications

The increase in the load-bearing building structures
unification level is facilitated by the use of the same
transverse frames, which are installed with an equal
step [4]. The load-bearing capacity of steel elements in
load-bearing building structures thus can be effectively
used by enough free adjustment of these sections geo-
metrical parameters, namely a wide range of rolled pro-
files range and ability to create profitable welded sec-
tions [5; 6].

The frames’ rigidity in its own plane is provided ei-
ther by the installation of vertical and horizontal knits
systems (in this case, the nodes of bearing the beams on
the columns are hinged), or the arrangement of rigid
nodes between the beams and columns. Another solu-
tion to ensure the transverse rigidity of the frame using
hinges is to install struts between the column and the
beam [7]. Hinged nodes are easy to manufacture; they
transmit only longitudinal and transverse forces.
Rigid joints form a frame system that, in addition to lin-
ear forces, redistributes angular forces (moments) [8].
Rigid nodes also make it possible to create statically in-
determinate frames, with which it is possible to redis-
tribute internal forces between the frame elements [9].

With the computer equipment spread with high tech-
nical capabilities availability, investigating the stress-
strain state of the building frame elements is advanta-
geous with computer programs of finite element analy-
sis using [10; 11].

Definition of unsolved aspects of the problem

When developing architectural and structural design
solutions for any building, the designer can use many
possible standard solutions for the installation of both
load-bearing and enclosing structures. [12]. Architec-
tural and structural solutions of civil buildings elements
can be classified by material, manufacturing and instal-
lation technology, etc. Therefore, when designing a
building, the designer must necessarily determine the
technical and economic indicators and optimize the
made decisions. During the design of load-bearing
structures, particular attention should be paid to the
point loads location [13]. In addition, as mentioned
above, the type of node arrangement affects the forces
redistribution in the carcass linear elements [7].

Problem statement

The purpose of this work is to determine the feasibil-
ity of building frame-struts steel carcass placing, which
allows due to the struts arrangement between the col-
umns and beams in the building transverse frames to
regulate their internal efforts.

Basic material and results

The analyzed building consists of two parts, which
from a structural point of view have the same solution.
The building two parts designs were developed inde-
pendently of each other, so each of the parts has a sym-
metrical relative to the longitudinal axis transverse sec-
tion with its own gable roof. During two project coor-
dination in one, there was a necessity of a drainage ar-
rangement longitudinal end (see fig. 1). It was decided
to abandon the option of installing one common gable
roof with one ridge between the two parts, so as not to
rework the finished individual projects.

The left part is four-, and the right — three-span build-
ing with a carcass constructive scheme (see fig. 1).
The spans’ width is 6 meters. The exception is the span
of the two parts connected in the axes E-F, the width of
which is 1.5 m; in this span, there is end drainage.
The step of transverse frames is 6 m. The grid of col-
umns are designed with a step 6x6 m.

The height of the external columns along the axes
A, E, F, and K is 3 m. The roof slope is equal to
i=0,1(5,70).

The ridge of the left four-span part of the building is
arranged on the middle column along the C axis.

iy BHD

e
part 1

part 2

Figure 1 — General transverse section of the analyzed building two parts
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The beams’ bottom mark in the ridge in this building
part is 4.2 m. The ridge of the building's right three-
span part is arranged in the middle of the span G-H. The
mark of the bottom of the beams in the ridge in this part
of the building is 3.9 m. The wall and roof fencing is
made of three-layer light sandwich panels. Light min-
eral wool insulation is provided between the two pro-
filed flooring sheets. The vertical load-bearing struc-
tures of the building frames are steel columns with rec-
tangular transverse sections, made of two rolled chan-
nels welded into a "box". Foundations under columns —
monolithic reinforced concrete separate shallow foun-
dations of hemp step type are arranged on crushed
stone-sand preparation.

Rolled beams of the I-beam cross-section serve as
beams. In the left part of the building, the beams are
arranged according to a four-span split scheme. In the
right part of the building, the beams are arranged ac-
cording to a three-way continuous scheme.

Nodes leaning on the columns' bases and foundations
and nodes contiguity beams to the columns taken hinge
(see fig. 2).

The building rigidity in vertical and horizontal planes
is ensured by the system of cross or portal ties installa-
tion in one step of the frames. In addition, the rigidity
in the frames transverse direction is provided by partial
concreting of the bases of the columns and for the sec-
ond part of the building in the F-K axes by installing
struts between the columns and the beams (see fig. 4).

It is the study of the beams' continuity and struts instal-
lation influence on the internal efforts in the optimiza-
tion of the beam, the subject of research in this paper.

The figures 3 and 4 show separate transverse building
sections in two parts. Under each transverse section of
buildings, the design schemes for which static calcula-
tion and definition of internal efforts in frame elements
were carried out are given. In this case, the concentrated
load on the crossbar from the girders to simplify the
calculations is replaced by evenly distributed. This sim-
plification will not make significant changes to the fol-
lowing materials.

The building covering is made of steel profiled flooring
sheets concluded on the girders from rolled channels.
Due to the attachment of each wave of the profiled
flooring to the upper shelf of the girders with self-tap-
ping screws is provided additional rigidity of the coat-
ing disk and performed the perception of the pitched
roof horizontal component by a hard disk of profiled
flooring and girders, which allowed to reduce the cross-
section of the latter.

For the two analyzed variants of building transverse
section design schemes, which are shown in figures 2b
and 3b depending on the variant of rigidity ensuring for
the transverse frame (with vertical ties or struts), it is
possible to sketch the "game of internal efforts" - the
bending moment M and the longitudinal force N - along
the beam length [14]. Herewith for factors of influence
on internal efforts value in beam reduction, in both var-
iants, continuous schemes of only 18-meter beams
work are accepted. The change in the transverse force
V is neglected since the stresses from it are many times
less than from M and N.

Figure 2 — Placing hinged nodes of beams of connection to heads
of external columns (a), middle columns (b) and the hinged column bases (c; d)
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Figure 3 — Transverse section (a) and design scheme (b)
of the left part of the building in the axes A-E
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Figure 4 — Transverse section (a) and design scheme (b)
of the right part of the building in the axes F-K
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It is known [2] that the normal stresses in the cross-
sections beams, working on compression with bending,
are determined by the formula
N oM,

_|_ X
max— -
(% An Cx- Wxn.min |

In the case of providing frame transverse rigidity with
vertical ties (see fig. 3), the crossbar occurs predomi-
nantly at a bending moment, and the longitudinal force
is negligible and occurs only due to the beam slope (see
fig. 5). The moments along the crossbar length diagram
are two-extreme. The first extreme M, occurs in the
extreme spans in the lower fibers of the beam (in this
area the lower fibers of the beam are stretched).
The second extreme M., occurs in the upper fibers of
the beam on the middle columns of the frame (in this
area the upper fibers of the beam are stretched). Ex-
treme bending moment values in extreme spans M, and
on the middle support My, are different, the largest of
which is My,,. That is, we have two design cross-sec-
tions along the continuous 18-meter crossbar length
only on the middle supports.

For the first design scheme, in addition to the design
cross-sections occurring on the middle supports, we
will have another problematic issue from constructive
considerations. Since the floor beams are arranged on
top of the beams, we will have on the middle supports
not unfastened from the frame plane the lower com-
pressed fibers of the floor beams [15]. To solve this
problem, it is necessary to either arrange additional ties
between the frames in the specified places or weld ad-
ditional steel plates on the lower shelves of the [-beams.

The design moments Mj,, on the middle supports of
the floor beam can be reduced by using a frame-struts
scheme of the transverse building frame (see fig. 4).

o <y R,. (1)

In this case, it is possible to achieve a diagram of M
along the beam length with four calculated sections in-
stead of two. That is to align the values of the span and
support moments by aligning the steps of the crossbar
supports '"rack-strut-rack" installation. In [7] it is
proved that the optimal angle of the struts inclination
relative to the vertical in terms of internal forces in the
strut is equal to 40...50°. This angle of the struts incli-
nation to the uniform supports step "rack-strut-rack"
lowers the point of the attachment of the struts to the
rack too low in the working space of the room, which
is impractical for internal space of premises free plan-
ning. Therefore, the point of the attachment of the struts
to the rack is performed at a mark close to the mark of
the extreme columns head (usually not less than 2.5 m
—see fig. 4, a). With such a design scheme, the value of
the bending moment My, on the middle support de-
creases by 2-3 times, and the design cross-section be-
comes the span moment M, as shown in fig. 6. That is,
in this case, we will also have two design cross-sections
along the continuousl8-meter crossbar length, but no
longer on the middle supports but in the extreme spans.
The design values of the span moments will be lower
than in the first case (see fig. 5) by ~ 42%.

When using the frame-struts design scheme of the
transverse frame in cross-sections of crossbar between
points of struts fastening to middle columns we will
have sites of a local increase in longitudinal force (see
fig. 6). That is, with a significant decrease in the value
of M on the middle supports, we will have a jump on
the diagram N. The stresses in the beam cross-sections,
determined by the formula (1), will change not only in
proportion to the change in bending moment but ab-
ruptly in places of abrupt change in the diagram N.

sketch diagram M

Msup=Mmax

sketch diagram N

i e
e o

= ——

i

Figure 5 — Sketch diagrams of internal efforts for the transverse frame with vertical ties
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Also, when using struts, you need to keep in mind the ~ bearing capacity of a rack in a place of struts adjunction
concentration of bending moment in the frame columns  either by the device of a cross-cutting gusset or (see
at the points of struts attachment (see fig. 6), as well as  fig. 7, a) or by the device of additional vertical plates
the growth of the longitudinal force in the middle col-  (see fig. 7, b).
umns by increasing the load width of the distribution
over the area weight. It is possible to provide the local
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Figure 6 — Sketch diagrams of internal efforts for the transverse frame with struts
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Figure 7 — Nodes of struts to columns connection:
a) using cross-cutting gusset; b) using additional vertical plates
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Also on change of internal efforts in beam cross-sec-
tions will be influenced not only by the geometrical
scheme of struts installation but also struts rigidity
(cross-sectional dimensions). Usually, the struts have a
smaller cross-section than the frame columns. There-
fore subsidence (vertical displacements) of beam sup-
ports in places of frame columns and struts will not be
identical, which will affect the distribution of the bend-
ing moment along the beam length. In this case, the de-
sign scheme of the beam will be shown more correctly
as proved in [4] in the form of a beam on hinged sup-
ports on the frame struts and on intermediate elastic
supports with a given predetermined stiffness on the
struts (see fig. 8).

Figure 9 shows a comparison of the determining the
bending moment values results for the 18-meter beam
on the hinged supports on the frame columns and the
intermediate elastic supports on the struts and all

hinged supports. From the presented diagrams it is clear
that the type of supports significantly affects the distri-
bution of internal efforts along the beam length. As ex-
pected, the replacement of elastic supports with hinged
ones up to twice the bearing moments in these places.
This in turn reduces the span moments that generally
lead to obtaining false results of the static calculation.
Therefore, when determining the internal efforts in the
continuous crossbar, it is necessary to take into account
the actual stiffness of all supports.

Thus, by adjusting the struts stiffness and their instal-
lation scheme, it is possible to adjust the stress in the
beam. This is the skill of obtaining a cost-effective con-
struction. For this variant of the transverse frame, the
use of the frame-struts scheme allowed to reduce by one
number the cross-section of the beam from the rolled I-
beam #30 to the [-beam #27.

Figure 8 — The design scheme of the crossbar with intermediate spring support (struts)
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Figure 9 — Diagrams of bending moments in the 18-meter crossbar, kNm:
a) on hinged supports on frame columns and intermediate elastic supports on struts;
b) on all hinged supports

Conclusions

The use of a civil building frame-struts carcass scheme
made it possible to efficiently adjust the internal efforts
along with columns and beams, namely:

— even taking into account the additional costs of steel
for struts installation, are reduced metal costs for the
building load-bearing frames by 6% (0.85 kg/m?)
mainly by reducing the cross-section of the beam of
rolled I-beam by one number;

— the rigidity of the frame in the transverse direction is
increased due to the struts installation;

— is increased working space of the building due to the
absence of vertical ties between the columns in the
transverse direction of the building.

In further research, it is planned to carry out the math-
ematical description of beam work on hinged support
on columns and on intermediate elastic supports with
the set predetermined rigidity on struts.
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The article presents the variable task formulation and implementation of finding a rational outline of the waiting wall back
face. In the Coulomb theory framework, an analysis is made of a system consisting of a retaining structure and soil pressing on
it for the formulating a rational design problem possibility. The possibility of formulating the problem of finding the rational
rear face geometry of the retaining wall within a given horizontal projection is shown. The substantiation of the energy ration-
alization method operation in solving the problem under consideration is given. The proposed approach allows a variable
method to determine the surface configuration of the retaining wall, rational from the standpoint of the accepted criterion.
The example given in the work clearly proves the correctness of the problem and its solution statement.
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Tpancdopmanis 30BHIIIHBOI reoMeTpil KOHCTPYKUIl MIAMIPHOI CTiHK
NpH panioHagizanii napaMeTrpiB cHCTeMH

Kanmuxos 0.0.'*, Xanige P.2, lem'anenxo L.B.?

1:2.3 XapkiBchKHil HALIOHANBHUE YHIBEPCHTET MickKoro rocrofapetsa im. O.M. Beketosa

* Anpeca i muctyBanHs E-mail: olegkalmikov010@gmail.com

Ilomano mocTaHOBKY i peamizaliifo BapiaTHBHOI 3ajadi MONIYKY ONTHMAaJbHOTO OOpHCY 3aIHBOI IpaHi MiAMIpHOI CTiHH.
V pamkax teopii KynoHa npoaHasizoBaHO CHCTEMY, L0 CKIAJA€ThCS 3 MiAMIPHOI KOHCTPYKIIi i IPYHTY, L0 JAABUTh Ha Hei,
IIO/T0 MO>KJIMBOCTI ITOCTAHOBKH 3aBJIaHHS PAIliOHATEHOTO IIPOEKTyBaHHA. Ha mpocTomy nmpuxiazi mokazaHa MOXIIUBICTB ITOC-
TaHOBKY 3aJ[a4i MOIIYKy palioHaJbHOI TeoMeTpii 3aJHb01 IpaHi MiAMIPHOT CTIHU B paMKax 3alaHO{ TOPU30HTAIBHOT MPOEKIIi.
HaBesneHo oOTpyHTYBaHHs eKCIUTyaTallii €HEpreTMHYHOro METOAYy palioHai3alil Hpu po3B’si3aHHI HaBEAEHOI 3ajadi.
CyTb NPOIIOHOBAHOI'O METOLY MOMIYKY PallioHaNIbHOT reoOMeTpil 3a1HbOT IrpaHi miAmipHOT CTIHK MOJISIrae B apoOKCUMALIiT TTOBe-
PXHi miAnipHOT CTiHK JIaMaHOIO JiHi€0. [I1st KOXKHOT TUISTHKK JJaMaHOT JIiHiT BUBEACHI KJIFOYOBI 3aJISKHOCTI 1O BIUTHBY Ha Xa-
paKTep HanpyXXeHO-1e(GOPMOBAHOTO CTaHy KOHCTPYKLIl, 30KpeMa B Liil IOCTaHOBL, HA BEJIMYHHY 3rMHAIBHOIO MOMEHTY B
3aTHCKaHHI. BUBeeHO KITIOYOBI 3aI€XHOCTI ¥ ONMMCaHO adropuT™ po3B’s3aHHs 3anadi. [TokazaHo, M0 MPY 3aaHUX XapaKTe-
PHCTHKAX 3aCHITKU BEJIMYIHA MOMEHTY B 3aTHCKaHHI (paKTHIHO MOXKe OyTH oIMcaHa dyepe3 KOMOIHaMiI0 KyTiB HAXMITY KOXKHOT
3 IUISTHOK, a B 3aralbHOMY BUIUIAI TaKnuX KoMOiHaIii Oe3iid. 3agada 3Be/ieHa 0 MOUIyKy Takol KoMOiHamii KyTa ai, IpH SIKil
BBe/ICHMIT KpuTepi (y po3IIIIHYTii IOCTAaHOBIII MOMEHT y 3aTHCKaHHI) 3aiiMe CBO€ 3HaUeHHs BHU3Y. Peaizamis mixxogy mpo-
JIEMOHCTPOBaHA Ha YNCEJILHOMY NPHUKJIAi. 3alPOIIOHOBAHHHM Mi/Xi/ 103BOJISE BapiaTUBHUM METOJIOM BU3HA4aTH KOHQIrypa-
{0 MMOBEPXHI MiAMipHOI CTiHHM, palliOHAJBHY 3 MO3MLIT IPUIHHATOr0 KpuTepito. HaBeneHuii y poOoTi IpHKIIa ] HAOYHO JOBO-
JIUTh KOPEKTHICTh MOCTAaHOBKH 3a/a4i Ta 11 po3B’sa3aHHsA. BUKOpHUCTaHHS bOr0 METO/Y JIOLIbHE B iHpopMaLiiiHOMY cepeo-
BUILI 00YMCIICHHS. 30KpeMa, NPAaKTHYHE 3aCTOCYBAHHS HABEICHOT'O MiJXOAy MOXJIMBE IUIIXOM ITOCTAaHOBKHU i PO3B’A3aHHS
3aBJIaHHS JIIHIITHOTO POrpaMyBaHHs CHMILICKC-METO/IOM.

KonrouoBi c1oBa: migmipHa cTiHa, KpUBONIHIHHA TOBEPXHS, alpOKCHUMAIis, IT00YI0BA arOPUTMY, BapiallifHIH MMiaXiz
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Introduction

Considering the search for optimal forms of load-
bearing elements, it can be recognized as useful "excur-
sions" for specialists who solve complex problems of
generating constructive and architectural forms to
botany, biology and even physiology. Technical deci-
sions can be effectively parallel with the evolutionary
nature of "experience" for a period of tens of millions
of years. Construction of optimal forms that are funda-
mentally close in their constructive geometry to natural
bearing (self-bearing) objects of living nature. At the
same time, faced with significant cumbersomeness and
complexity of mathematical operations generated by
the nonlinearity of physical and geometric relationships
between the parameters that determine the solution.
Considering the rapid development of the IT sphere in
recent years, in particular, in the field of building struc-
tures design, there is a wide opportunity for creating al-
gorithmic, software methods for finding the optimal
forms of load-bearing elements.

Review of research sources and publications

Structural elements of buildings and structures that
perceive the sideload from a bulk material refer to sys-
tems at which the magnitude and nature of the load di-
rectly depend on the configuration of the element that
receives this load. The generally accepted theory of the
pressure of an incoherent loose material on a side sur-
face, in particular, soil on retaining walls, is the
Coulomb theory. [1]. According to this theory, the pres-
sure of the bulk material on the lateral surface depends
on the lateral pressure coefficient A, which is trigono-
metric depending on the angular parameters of the sys-
tem (the internal bulk material angle, the angle of wall
inclination to the vertical, the angle of filling inclina-
tion) [8-12].

In the field of structures research that perceive the
side pressure of a bulk material, an exact solution is
known in the form of the 4th-degree equation [4, 5].
This equation describes the mutual configuration influ-
ence of the bulk material side pressure plot and the cur-
vature of the surface receiving this pressure. This solu-
tion is obtained for a static statement. According to the
solution, the slope angles of the tangent curve are set,
which provides a given pressure profile. Thus, the mag-
nitude and nature of the pressure depend on the surface
curvature, and vice versa.

Definition of unsolved aspects of the problem

The described solution demonstrates the mathemati-
cal relationship between the curvature of the surface
that perceives lateral pressure from a granular medium
and the distribution nature of this pressure. At the same
time, this solution assumes only a numerical relation-
ship between the parameters mentioned. There is no an-
alytical relationship between the functional describing
the configuration of the retaining wall and the lateral
pressure plot. At the same time, each individual retain-
ing wall configuration has a unique lateral pressure dis-
tribution and hence a unique distribution of internal
forces. If the system "retaining wall - backfill soil" is

constrained, for example, in the form of the wall hori-
zontal projection constancy or maximum displace-
ments limitation, it is possible to find its outline, which
will predetermine the minimum of the accepted crite-
rion [6,7]. The criterion here can be the volume of ma-
terial, cost, the maximum principal stresses value, the
value of the system deformation potential energy, and
others.

Problem statement

Taking into account the presented information, pro-
posed a variable method for finding a rational surface
of a retaining wall. The method essence consists etc.

A cantilever retaining wall of arbitrary shape has pre-
determined external dimensions — horizontal B and ver-
tical H projection of the system. The wall is divided into
n linear sections (Fig. 1). Each section has an inherent
only slope angle a;, which lies in the range a; € [¢; 90°].
The horizontal projection of the system defined as:

nooh
B= .
Z1:tg(a'i) O

The distributed pressure of the bulk material at the
base and top of each of the sections g1, is respectively
determined by the expressions:

g =H—-hxi)yl; 2

qi2=H—-hG-1)yA; 2

where: y — the bulk density;

Ai — the lateral pressure coefficient of the bulk mate-
rial.

The distributed pressure of the bulk in the area of the
site is reduced to a concentrated force acting normal to
the site (Fig. 2), which is defined as
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Figure 1 — Curvilinear generatrix approximation
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The point coordinates of the concentrated force appli-
cation relative to the section base are determined by the
expressions:

hy;=hxm ; 5)
by, = ; 6
> tg(e;) ©
hy,
Zi: » - 5 7
0 sin(e; ) ™
where
29;1+4;,
=S - 3
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Figure 2 — The pressure of the bulk
in the form of concentrated forces

The diagram of the bending moment from the action
of the j-th force will have the form shown in Fig. 3.
The bending moment magnitude A;; at the base of the
i-th section (point D;) from the action of the j-th force
is determined as

M, ;=0;xDC ; ©)

where D;C;; — normal from the base of the i-th section
(D) to the vector of the j-th force (Fig. 3), determined
by the expression:
-1
bo,j +21] b,

1

DC,  =|—=————+h-(j—i)+h, ; |sin(;).(10
¥ P (j—i)+h, ; sin(e;) - (10)

The general diagram of moments is the sum of all di-
agrams M;, from the force Q; to the force Q,.

b :
Q]
~
I
O‘/@i
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JJ
I

Figure 3 — Plotting bending moments

The energy criterion of rationalization is introduced
into consideration. As applied to the problem, its inter-
pretation is as follows: within the given constraints, it
is necessary to find a retaining wall configuration, in
which the potential energy of deformation (PED) will
take a minimum value [2, 3].

Analytically, the potential energy of deformation can
be represented as the sum of the partial (PED) Uj o
from the each of forces action in the section from 1 to
n of the force

(11)

The partial PEDs Ui, from the action of the j-th
force are the sum of the volumes of the truncated pyra-
mids (Fig. 4) in the sections from i = 1 to i =j. On the
sections from i = 1 to i =j-1 at the base of the truncated
pyramid (the volume of the truncated pyramids - U;)
there is a square with sides M;;, at the top - a square
with sides M1, the height of the pyramid - /;. The up-
per pyramid is a special case - a non-truncated pyramid
(the volume of a non-truncated pyramid - U)) of height
lo, j, at the base of which there is a square with an edge
M;;. The particular PED values for each of the sections
are determined by the expression:

J»tot *

n
1
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Uj,tot :Uj +Z{ U, (12)
where:
2 2
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Figure 4 — To the definition of PED
from the action of force in the i-th section

The arbitrary curvature of the rear face curved gener-
atrix has its unique combination of the inclination an-
gles o; of each of the sections, which it can be described
by. With an increase in the number of sections n in the
limit, the broken line tends to a curved outline. With the
given characteristics of the bulk (¢, y), the PED value,
in fact, can be described through a combination of the
inclination angles ai of each of the sections, and in gen-
eral, there is an infinite number of such combinations.
Varying the configuration of the retaining wall lateral
surface, it is possible to find such a geometry at which
the PED value will take a lower value. Then the prob-
lem is reduced to the search for such a combination of
ai, for which the introduced criterion (in the considered
formulation, PED) will take its lower value.

Basic material and results

The stated formulation of the problem presupposes an
iterative method of finding the rational outline of the
retaining wall. With an increase in the steps of dividing
the system in the horizontal and vertical directions, the
number of virtual variants that form structures in-
creases significantly. To determine the number of vari-
ants of the structure generators, depending on the mag-
nitude of the horizontal and vertical steps of the parti-
tion, we reduce the problem under consideration to the
classical problem of combinatorics.

From each row, you need to select any one number
mi so that the sum of all mi equals 7 -1:

i=m

>m;=n—1.
1

In the table 1 n — the number of columns, m — rows.
Each line looks like 0,1,2...i.

Table 1 - Determination of the number of variable

options
n

1 2 3 J
1 0 1 2 i-1
m 2 0 1 2 i-1
3 0 1 2 i-1
0 1 2 i-1
i 0 1 2 i-1

One variation of C is a combination of m-values from
1 to m;, which adds up to n-1. The problem is formed as
follows: for a given n and m, how many variations of C
can be constructed.
The solution is determined by dependency
m—1 (n +m-— 2) !

o =D -1)!

Using the obtained expression, it is possible to deter-
mine the number of variants of generators depending
on the number of vertical and horizontal sections of the
system partition (Table 2). From the given data it fol-
lows that when the system is divided into 10 vertical
and 10 horizontal sections, the number of variants
forming the system under study is close to 100 thou-
sand. The foregoing leads to the need to search for in-
formational ways to solve the problem.

To implement the solution, a script was written in the
Dynamo visual programming environment (Fig. 5).

For a clear demonstration of the operation of the pro-
posed approach, we present the simplest example of its
applications. Let us set the initial data of the retaining
wall and the soil acting on it: vertical projection
H = 10m; horizontal projection B = 5 m; the volumetric
weight of soil y = 1.5 /m?; angle of internal friction of
the soil ¢ = 30°; the number of subdivisions # = 10.

In accordance with the formulation of the problem,
such a combination of the angles of inclination of each
of the sections is determined, which will predetermine
the minimum PED of the system. To generate the as-
signed angle values, the Refinery add-in was used,
which is aimed at solving such problems. Here you set
such parameters as a limitation for the magnitude of the
angles, the magnitude of the horizontal projection, the
criterion for finding a rational solution, the accuracy of
the solution and the number of options under consider-
ation. Out of the calculated 1000 variants, such a con-
figuration was found in which the PED of the system
took the minimum value (Fig. 6).
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Table 2 — The number of variants of the generating structure

Number of sections horizontally, n
1 2 3 4 5 6 7 8 9 10
2 2 3 4 5 6 7 8 9 10 11
3 3 6 10 15 21 28 36 45 55 66
.8 4 4 10 20 35 56 84 120 165 220 286
g i 5 5 15 35 70 126 210 330 495 715 1001
% % 6 6 21 56 126 252 462 792 1287 2002 3003
_qg 15:: 7 7 28 84 210 462 924 1716 3003 5005 8008
g 8 8 36 120 330 792 1716 3432 6435 | 11440 | 19448
Z 9 9 45 165 495 1287 3003 6435 | 12870 | 24310 | 43758
10 10 55 220 715 2002 5005 | 11440 | 24310 | 48620 | 92378
_— _ Angles
e =N |
== = = _f_\ 1 |
b e
o TN F ‘- —
e =/ = I——
: e Ty \m e
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B — E——
— o= Em————
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Figure 6 — Solution result
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Conclusions

The proposed approach allows using the varia-
tional method to determine the configuration of the
retaining wall surface that is rational from the stand-
point of the accepted criterion. The example given in
the work clearly proves the correctness of the prob-
lem statement and its solution. In general, with a
much larger number of sections n, the broken gener-
atrix of the retaining wall rear face is smoothed and
tends to a curvilinear outline. In further research, it
is of interest to formulate and solve this problem us-
ing linear programming methods.
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Presented features of a new analytical model of the "deformed building - driven prismatic piles as a part of a continuous grille
- soil base with a weak underlying layer" system before and after supplying the monolithic reinforced concrete slab under the
existing foundation grilles. Also, this system’s stress strained state (SSS) simulation results by the finite element method (FEM)
for evaluation of the combined action features of the system’s components were presented. It has been published the new
empirical data on the SSS change in the "deformed building - driven prismatic piles as a part of a continuous grille - soil base
with a weak underlying layer" system resulting from supplying the monolithic reinforced concrete slab under the existing
foundation grilles.

Keywords: soil base, poor-bearing soil, driven prismatic pile, monolithic reinforced concrete grille, settlement, crack, stress-
strained state, monolithic reinforced concrete slab

3MiHM HanpyKeHO-1eOPMOBAHOIO CTAHY CHCTEMH
«aedopmoBaHa OyaiBJs — NAJAbOBHHA GyHIAMEHT — OCHOBa»
BHACJII/IOK MiIBeIeHHS il POCTBEPKHU IJIMTHU

Bunnukos F0.J1."", Xapuenxo M.O. %, Manzkadniii C.M.?

1-2.3 Hanjonanenuii ynisepcuter «llontascbka nositexuika imeni FOpis Konapariokay»
*Anpeca i uctyBanHs E-mail: vynnykov(@ukr.net

Buknazeno oco6muBocTi HOBOT pO3paxyHKOBOI CXEMH CUCTEMH «IeopMoBaHa OyiBiis — 3a0MBHI IPU3MATHYHI NI y CKIIal
CTPIYKOBOTO POCTBEPKY — I'PYHTOBA OCHOBA 31 CITA0KHM ITiJICTHIIEHUM ILAPOM» JIO Ta IiCTIs i IBEICHHS 1]l iCHYIO4i pOCTBEPKU
MOHOJIITHOI 3aJi300€TOHHOI IUTUTH W pe3yibTaTH MaTeMAaTHYHOTO MOJIETIOBAHHS 3 BHKOPHCTAHHAM METONY CKIHUCHHHX
eJIEMEHTIB Hanpyx)eHo-nedopmoBanoro crany (HJIC) wiei ciuctemu st OLiHIOBaHHS 0COOIIMBOCTEH CIUIBHOT poOOTH 11 CKiTa-
JOoBHX. PO3paxyHOK BUKOHYBaBCS METO/IOM CKIHUSHHHX €JIEeMEHTIB y IpocTopoBiit (3D) po3paxyHKoOBii cxeMmi 3 ypaxyBaHHIM
CMIJIbHOT POOOTH HAA3EMHHUX 1 MiI3EMHUX KOHCTPYKLIii, NagpoBoro (GyHaaMeHTy ta ocHoBH mia HuM. [Ipu ouinroBanni HJIC
OyniBii IpyHTOBa OCHOBA iICHYIOYHMX (YHIaMEHTIB YMOBHO 3aMiHIOBajiacs BinmoBigHumu koedimientamu. [locuieHHs moss-
rajo B MiIBE/ICHHI i pOCTBEpKH 3ai1i300eToHHNX 6anok L-noaibHoro o6pucy, 06’ eAHAaHUX MONEPEYHUMH OaJIKaMH, a 3BEpXy
— MOHOJITHOIO IuIHTOI0 TOBIMHOIO 200 MM. OTpuMaHO peOpHCTy IUIMTY MiACHICHHS 3 peOpaMu 10 HHU3Y, OCHOBOIO SIKOi €
MCOK HAMUBHUH, NpiOHUH, cepeanbol minbHOCTI. Lis kKoHCTpyKIis 1oOpe mepepo3noaiisie HanpyKeHHs BiJl HEPIBHOMIPHUX
nedopMariiii OCHOB 1 Ma€ 3HaYHY )KOPCTKICTh 32 MIHIMAILHOTO 00’eMy 3eMIISTHHX poOiT. ONPUITIOAHEHO HOBI AOCIIIHI aHi
npo 3miny HJC cucremu «nedopmoBana OyiBiist — 3a0MBHI IPU3MATHYHI Hajl y CKJIaai CTPIYKOBOTO POCTBEPKY — IPYHTOBA
OCHOBA 31 CITA0KHM ITiICTHJIFHUM [IapOM» YHACIITOK ITiIBEACHHS Ii/l iCHYI0Yi pOCTBEPKH MOHOJITHOI 3a1i300€TOHHOT IUTUTH.
Mopemosanns HJIC cucremu nicis nocuieHHs GyHAaMEHTY 110Ka3ajo, o (pakTHYHEe CTBOPEHHS [NIMTHO-NAJIbOBOrO (QyH/Ia-
MEHTY 3HaYHOIO MipOI0 IPUOpPaIo HePiBHOMIPHHUIT XapaKTep pO3MOALTY HAIPYKEHb 1 HAOIU3HMIIO HOTO 10 MOYaTKOBOTO CTaHY.
JloBeieHO JOCTaTHBO BUCOKY €(heKTUBHICTD Ta HAIHHICTh CIIOCO0Y MOCHIICHHS MAbOBUX (DYHIAMEHTIB y CKIIa (i CTPiYKOBOTO
POCTBEpKY Mi/IBEICHHAM ILIUTH.

KonrouoBi ciioBa: rpyHTOBa OCHOBA, CJIAOKHUIl IPYHT, 3a0MBHA NPHU3MAaTUYHA Hajst, MOHOJITHUH 3a51i300€TOHHHMI POCTBEPK,
OcifaHHs, TPIIUHA, HaIpyXeHO-eopMoBaHuii CTaH, MOHOJITHA 3a1i300€TOHHA TUTHTa
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Introduction

The choice of specific constructive-technological de-
cisions of strengthening (reconstruction) of each de-
formed building on the pile foundation is carried out
only after careful estimation of the technical condition
of load-bearing building structures and investigation
their bases and foundations parameters, by engineering
inspection and establishing the causes of excessive de-
formation of the foundations' base [1 - 4].

Previously tested constructive-technological deci-
sions of the increasing the load-bearing capacity of pile
foundations of deformed buildings and structures by
pushing piles to strong soil and installation of offset
piles with sufficiently high reliability of their use re-
sults have a very high hand labor-intensity and require
a long period of work. Therefore, it is advisable to im-
prove adequately efficiency for conditions of sizable
uneven deformations of buildings, and, at the same
time, less labor-intensive and more prompt decisions to
increase the bearing capacity of pile foundations with
their or soil base SSS change, such as strengthening of
driven prismatic piles foundations in a continuous grille
by supplying a monolithic reinforced-concrete slab un-
der the existing grilles [3 — 6].

Review of the research sources and publications

The correctness of soil state models and geomechan-
ical models of 2D and 3D versions of FEM regarding
calculations of combined action of piles as a part of
continuous and plate grilles with the base is justified
[5 — 14]. Thus, the 3D PLAXIS version of the complex
has a whole library of nonlinear models of soil mechan-
ical behavior (ideal elastic-plastic with the Mohr-Cou-
lomb strength criterion; isotropic compaction (strength-
ening); weak creeping soil, etc.), makes it possible to
vary the geometry of foundations, track the SSS stages
of the base at different paths of loading, has a conven-
ient interface for outputting results. It is well tested for
SSS estimation of pile-slab foundations, pile groups
combined by a grille of strip pile foundations [7 — 16].

In particular, Professor I. Boyko and his school [13]
solved several problems of modeling SSS of the "plate-
pile-base" system in the VESNA complex using an
elastic-plastic soil model based on the dilatancy theory
of V. Nikolaevsky, with the criterion of the plastic flow
condition of Misesap-Schleicher-Botkin in Boyko's
modification. It has been proved that taking into ac-
count the mutual influence of neighboring pile founda-
tions, the deformation behavior of the base significantly
changes, increasing the settlement of the foundations of
the sectional high-rise building up to 30%, and the val-
ues of bending moments in the slabs joint area of the
sections increase by 1.5-2 times.

I. Mayevska and N. Blaschuk [14] in the 3D version
of PLAXIS investigated the influence of several factors
on the bearing capacity and deformability of the system
"continuous grille — driven piles of constant cross-sec-
tion — soil" before and after strengthening by piles jack-
ing: the piles spacing; distances between pile rows; pile
lengths; type of piles (with and without removal of
soil); soils. It was defined as the fractions of the load
perceived by a new grille - from 5 to 65% and the grille,

installed in strengthening by piles of the continuous
footing - from 30 to 72%. The bearing capacity of pile
foundations was estimated by the criterion of the limit
value of a settlement.

Specialists of the Poltava geotechnical school [15, 16]
by modeling in the 2D and 3D versions of PLAXIS the
system "continuous grille — cast-in-place piles in drilled
wells — wet loess base" using an elastic-plastic soil
model and step-iteration procedures obtained a relative
error of 15% compared to long-term natural object lev-
eling data. For both tasks, the possibility of correct ac-
counting for the soil's heterogeneity in the "zone of in-
fluence" of piles has been proved. Both simulated and
experimental "load - settlement" graphs are curvilinear,
that is, with the achievement of a second critical force
on the system, the soil around the piles, its broadenings,
and under the grille works in the plastic stage. It has
also been established that the deformation modulus by
the compression tests of wet loess soils should be taken
into account during simulation without increasing fac-
tors.

Definition of unsolved aspects of the problem

The FEM has the greatest value in solving the so-
called "complex geotechnical problems" — with the
complex geometry of the design configuration [2, 5, 7,
9, 13], in particular, for estimating the SSS of the "soil
mass - existing surrounding buildings - new structures"
system in dense urban development conditions and tak-
ing into account the stages and technology of opera-
tions (fragments of the pit, fixing of its walls, building
of the underground part of the structure, loading of it or
its components during the erection of surface struc-
tures, etc.) as well as complex engineering and geolog-
ical conditions and adverse effects (overwhelmingly
use the software products PLAXIS, DIANA, FLAC,
VESNA, FEM models and several others in the 3D ver-
sion of FEM). Therefore, according to Professor V. Il-
lichov, a new direction of soil mechanics has already
been developed - "technological soil mechanics" [5].

Therefore, it makes sense to test modeling with the
3D version of the FEM and the elastic-plastic soil
model (Cam-Clay, Soft soil creep model, etc.) for the
SSS estimation of the "deformed building — pile foun-
dation (before and after reinforcement) — soil-based"
systems.

In addition, when estimating the SSS of the "de-
formed building — pile foundation — base" systems, sig-
nificant systemic discrepancies were established in the
values of the pile's bearing capacity calculated by the
standard method, according to which soil resistance un-
der the toe and along the side surface is obtained de-
pending on the depth of their immersion, the liquidity
index of clay soil or sand’s grading, and by the results
of static tests of piles [16].

Problem statement

Therefore, the purpose of the actual work was: to de-
velop a calculation scheme of the "deformed building —
driven prismatic piles as part of a continuous grille — a
soil base with a weak underlying layer" system before
and after supplying a monolithic reinforced concrete
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slab under the existing grilles and to perform this sys-
tem's SSS mathematical modeling using the FEM to es-
timate the features of combined action of its compo-
nents.

Basic material and results

Put in commission in 1977, the end block of the five-
story residential building with a basement in Horishni
Plavni of Poltava oblast is resting on driven prismatic
piles (9 m length, 350x350 mm section), joined by a
continuous grille. The end block has sizable fractures
in bearing masonry walls because a part of the piles is
driven higher than the designed depth, and its toes are
found in fluid sandy loam with silt layers [3].

Aside from that, due to the negative skin friction ef-
fect caused by self-compacting and mechanical suffu-
sion in the upper layers of the bulk sands after rupture
of the main thermal pipeline, which was intensified by
inertial forces from the explosions in the quarry, the de-
sign load on pile dropped to N =268 kN, which is less
than the stress from the building 404.5 kN. Therefore,
the pile foundation base’s settlement was already in the
nonlinear stage, which led to the emerging and devel-
opment of respective non-uniform limit-exceeding de-
formations in it [4].

In structural regard, the building is a structure with
longitudinal load-bearing brick-built walls. The height
of the floors is 2.8 m, and the basement is 2.2 m. Its
spatial rigidity is provided by transverse walls of a stair-
well and floor slab disks (fig. 1).

The building’s structural scheme cannot be consid-
ered rigid, and the technical condition of its pile foun-
dation is qualified as insufficient [6].

The reinforcement consisted of the supply under the
grille monolithic reinforced concrete L-shaped beams

S —

(900 mm height), joined by transverse reinforced con-
crete beams, and on top — by a monolithic 200 mm thick
slab. The concrete for grille elements strengthening is
of C20/25 strength grade.

A ribbed strengthening plate was obtained, which was
based on the alluvial fine sand of medium density. Its
ribs were directed to the bottom [6]. This design effec-
tively redistributes stress from uneven deformations of
the base and has considerable rigidity at the minimum
volume of groundworks.

The design was simulated by FEM in spatial (3D)
configuration with consideration of combined action of
underground and superstructure, pile foundation, and
base beneath it. In the evaluation of the building’s SSS,
the soil base of the existing foundation was convention-
ally replaced by the respective coefficients.

Spatial FEM configuration of the building block’s
foundation before its strengthening is shown in fig. 2,
and after the strengthening — in fig. 3 and fig. 4 (sche-
matic view fragment).

A simulation was carried out for the following
phases:

1) the building’s completion moment;

2) after the base wetting (flooding) from the pipeline
malfunction;

3) after the foundation strengthening.

As initial conditions, the settlement factor was set to
be k=7000 kN/m (fig. 5), for the flooding state the re-
duction of its load-bearing capacity was considered in
certain areas [3], where k=5000 kN/m (fig. 6).

The respective analytical 3D model of the building is
shown in Fig. 7 and fig. 8. It includes the building's load
and influences data and its physical model (3D system
of walls, slabs, beams, its joints, foundation, and base,
as well as data on the physical and mechanical proper-
ties of materials).

Figure 1 — Spatial (3D) configuration of the building

ll |
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Figure 2 — 3D scheme of foundation before the strengthening
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Figure 3 — 3D scheme of the foundation after the strengthening

Figure 4 — View fragment of 3D foundation scheme after strengthening
(along the inner longitudinal bearing wall)
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Figure 5 — Piles’ initial rigidity, adopted in the simulation
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Figure 6 — Piles’ rigidity, adopted in the simulation, after the base flooding

Figure 7 — 3D building’s analytical model (pile foundation is set as elastic bearing)
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Figure 8 — 3D building’s analytical model (pile foundation is set as elastic bearing)

The model of the building foundations before and af-
ter their strengthening is given in Fig. 9 and fig. 10.

The scheme of loads application for this building is
shown in fig. 11. In this model for each floor, the char-
acteristic values of the permanent load were set to be
4.9 kPa (floor weight, floor slabs, and parting walls),
the characteristic values of variable sustained load —
1.5 kPa. The characteristic values of permanent load on
the fifth-story flooring are set to be 4.84 kPa (floor

weight, floor slabs), the characteristic values of varia-
ble sustained load — 0.7 kPa. The characteristic values
of permanent load on the covering are 3.94 kPa (ruber-
oid sheet, roofing slabs, etc.), characteristic values of
snow load — 1.28 kPa.

3D building’s finite element model is shown in fig-
ure 12.

——— 400 x 400 mwm (pocTs
——— 450 x 400 mm (pocTaepk)
——— 500 x 400 MM (pocTBepK)
——— 600 x 400 mwm (pocTaepk)

Figure 9 — Building’s foundation model before the strengthening

3 | I

i =l

Mnuta 200mMm
Pocteepk 900mMm

Figure 10 — Building’s foundation model after its strengthening
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Figure 12 — 3D building’s finite element model

Thus complex spatial geometrical schemes are sim-
plified by replacement of a real design by the conven-
tional scheme, for example, beams were approximated
by bars, reduced to the axis, and slabs with walls were
replaced with disks, reduced to the middle plane.

Calculation of structural configuration was carried
out in spatial structural design with account for com-
bined action of underground and superstructure, foun-
dation and its base. In the building’s SSS evaluation,
the soil base of the existing foundation was replaced by
elasticity factors, obtained in the spatial simulation of
the building’s structures. In structural configuration
calculation, the actual reinforcement of reinforced con-
crete units and thus its non-linear operation was disre-
garded.

In the result of a structural configuration of the build-
ing calculation it’s been defined the following: in the
flat floor, covering, and foundation slabs — values of
torsional and bending forces, shear and axial forces; in
walls — values of normal and tangential axial forces,
torsional and bending forces, and shear forces, etc.

In the building’s numerical model, there were the fol-
lowing preconditions adopted: walls and floor slabs had
hinge joints, as well as walls and grille joints. In the
frame’s numerical model, there were design parameters
of strength, rigidity, and geometrical parameters of
structures used. Floor slabs, stairwell, walls, and foun-
dation reinforcement were simulated by disk elements,
continuous grilles, and beams — by bar elements with
respective axial and bending rigidity. The remaining
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structures, that had no impact on the spatial rigidity of
the building (partying walls, floor, ceiling, roof, etc.),
were represented by the equivalent load, applied in re-
spective areas of the numerical model.

Using the evaluation results of the SSS of the "de-
formed building — driven prismatic piles as a part of a
continuous grille — soil base with a weak underlying
layer" system before and after supplying the monolithic
reinforced concrete slab under the existing foundation
grilles by FEM, let’s analyze mainly the distribution of
normal stress (to the horizontal plane) in-wall elements
against the combination of existing loads (that include
permanent and temporary with the limit design values).

The obtained stress values were compared to the de-
sign strain strength of brickwork in the traced section
and compressive strength. Aside from that, it was con-
sidered that the brickwork was made of silicate brick
M75 and grout M25.

According to table 9 (DBN V.2.6-162:2010, Appen-
dix R) design strain strength of brickwork in the traced
section is fp2=0.11 MPa. According to table 1 (DBN

V.2.6-162:2010, Appendix R) design, the compressive
strength of brickwork is f;=1.10 MPa.

At the first stage of the simulation, the initial nature
of the strains was determined in the brickwork at the
time of the building's construction before defects
occurred for the faces 2-I and I-2 (respectively
Fig. 13-14).

The compression strain does not exceed the maxi-
mum (fi=1.10 MPa), and the tensile stress in the hori-
zontal plane in some areas (for example, the places
where the balconies are installed) exceeds the maxi-
mum values (fox=0.11 MPa), which may be the result
of a mismatch between the design model and between
the real stress distribution scheme in the brickwork. But
also in the walls around the stairwell, the tension of
brickwork stressing is traced, that in some areas reach-
ing the point of brickwork’s break by tensioning along
a bandaged section, which may be the result of unsuc-
cessful volumetric planning decisions of the building or
errors in the design of the building foundation.
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Figure 13 — Normal stress distribution view in the brickwork

of outer walls on the 2-I face

before the defects occurring
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Figure 14 — Normal stress distribution view in the brickwork

of outer walls on the I-2 face

before the defects occurring
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At the second stage of the calculation, the changes in
the pile’s bearing capacity as a result of heating pipe-
line malfunction were considered, and the new behav-
ior of the brickwork's stress distribution behind the
main faces was determined. By the nature of the stress
distribution, it is possible to generalize that due to the
flooding of the base, as a result of a pipeline accident,
there was an uneven settlement of the left and right
parts of the building around the stairwell (which be-
cause of the actual location of the pile as part of pile
field has high rigidity). Therefore, most cracks are con-
centrated around the stairwell. On the stress distribution
views (Fig. 15 and Fig. 16), the lines emphasized the
places where the strength of masonry by tension is ex-
ceeded (fx>=0.11 MPa), and therefore the most possible
occurrence of vertical cracks along a traced section.
Values of compression strains do not exceed permissi-
ble values (f;=1,1 MPa).

Figure 17 and Figure 18 show the layout of defects
(cracks) of external bearing walls by the geotechnical
monitoring data [4]. As can be seen, the locations and
behavior of the theoretical (modeled by FEM) vertical
cracks along the traced section are practically the same
as the results of the surveys.

The third stage of the FEM modeling additionally
takes into account the work of foundation reinforce-
ment elements. The relevant stress distribution schemes
(Figures 19 and 20) show that the foundation's rein-
forcement has significantly helped to remove the une-
ven behavior of the stress distribution and bring it
closer to the initial state. At the same time, the features
of the tension stress distribution in the brickwork
around the stairwell are saved, and their values either
do not exceed the ultimate tensile strength of masonry
(fr2=0.11 MPa) or exceed them in places similar to the
initial state of the building.

The foundation reinforcement project was carried out
[6]. A ribbed reinforcement plate is obtained, the base
of which is the wet sand, fine, medium density. The ribs
of the foundation slab are directed to the bottom. It ef-
ficiently redistributes stress from uneven deformations
of the foundations and has significant rigidity with a
minimum amount of groundworks, that is, in the pro-
cess of strengthening a slab-pile foundation was ar-
ranged.

As geotechnical monitoring showed, new cracks in
the building's walls at the time of strengthening and the
building's subsequent operation did not occur [4].
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Figure 15 — Normal stress distribution view and respective fractures
in the brickwork of outer walls on the 2-I face after the base flooding
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Figure 16 — Normal stress distribution view and respective fractures
in the brickwork of outer walls on the I-2 face after the base flooding
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Figure 17 — Scheme of defects and damages in the brickwork of the outer walls on the 2-I face,
along B axis (left end block section I-II) by the geotechnical monitoring data
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Figure 18 — Scheme of defects and damages in the brickwork of the outer walls on the 1-2, face,
along A axis (left end block section I-II) by the geotechnical monitoring data
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Figure 19 — Normal stress distribution view in the brickwork of the outer walls
on the 2-I after the foundation strengthening
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Figure 20 — Normal stress distribution view in the brickwork of the outer walls
on the I-2 face after the foundation strengthening

Conclusions

Thus, a new 3D design scheme of the "deformed
building — driven prismatic piles as part of continuous
grille — a soil base with a weak underlying layer" sys-
tem was developed before and after supplying mono-
lithic reinforced concrete slab under the existing grilles,
and mathematical modeling was carried out using the
FEM of this system's SSS to estimate the features of
combined action of its components.

New experimental data were obtained about the SSS
change of the "deformed building — driven prismatic
piles as part of a continuous grille — soil base with a

weak underlying layer" system due to the supplying of
a monolithic reinforced concrete slab under the existing
grilles. The simulation of the SSS system after strength-
ening the foundation showed that the actual creation of
the slab-pile foundation significantly mitigated the un-
even behavior of the stress distribution and brought it
closer to the original state. Sufficiently high efficiency
and reliability of the method of the pile foundations
strengthening as a part of the continuous grille by sup-
plying the slab has been proved.
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Peculiarities of structure geomorphological and engineering-geological features on the site with artificial excavation in the
water basin form, the surface water valley runoff into the reservoir, and the soils properties are determined.
Negative engineering-geological processes on the site and the reasons for the activation of landslide processes are considered.
A slope spatial model is compiled. The slope stability was assessed taking into account the peculiarities of geological and
hydrogeological structure using the structural soil strength. Sliding planes and shear pressures on possible landslide protection
structures are determined. A "reverse" calculation of the slope stability was also performed to clarify the characteristics of soil
strength. It is established that when arranging excavations in the slope array, its SDM changes, which activates landslides.

Keywords: slope, artificial excavation, landslide, comb, soil strength, cohesion, stress-deformed mode, finite element method,
ultimate equilibrium method, one plane shear testing, «plate-by-plate» method
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IpoananizoBano reoMopdoIOTiyHi Ta iHKEHEPHO-TEONIOTIUHI 0COONMUBOCTI OYOBU MITSHKH PO3MIIICHHS IITYYHOI BUIMKH Y
BUIIISIII CTaBKa-HAKONUYyBa4a. BUSBICHO yIOrOBHHY CTOKY [OBEPXHEBHX BOJ [0 BOJOMMHM Ta BU3HAYCHO ()i3MKO-MeXaHiYH]
BIIACTUBOCTI IPYHTIB. PO3TIIIHYTO HEraTHBHI iHXXEHEPHO-TE€OJIOTIUHI IIPOIIECH Ha AUISHII W IPUYMHY aKTHBI3aIli{ 3CyBHUX IPO-
neciB. CKIIaJeHO IIPOCTOPOBY iH(pOPMAIiHHy MOIENTb MACHBY CXHILY, [0 SIKOI pe3yJbTaTH JabopaTOPHUX JOCITIIKECHb IPYHTIB
BHECCHO IIUIIXOM MPUCBOEHHS 1i €JIeMEHTaM BiANOBIAHKX BIACTUBOCTEil. BHKOHAHO OLIHIOBAaHHS CTIHKOCTI CXHIY 3 ypaxy-
BaHH;IM 0COOJIMBOCTE HOTO IHKEHEPHO-Te0JION YHOT Ta IiAPOreosIori4Hoi OyJOBH i 3 BAKOPUCTAHHIM CTPYKTYPHOT MIL[HOCTI
IpyHTiB. Bu3Ha4eHO MOXJIMBI [UIOIIMHYA KOB3aHHS Ta 3CYBHI THCKM Ha MOTEHLIHHI MpoTu3cyBHi cnopyau. [IpoBeseHo «3Bo-
POTHIi» PO3paxyHOK CTIHKOCTI CXWITy Ul YTOUHEHHs 3Ha4€Hb XapaKTEPUCTUK MILHOCTI IpyHTIB. J{JIs OL[iHIOBaHHS Hampy-
xeHo-nedopmoanoro crany (HJIC) MacuBy HOCIIAHOTO CXMITY BUKOPHCTAHO MAaTEMAaTHYHE MOJICIIFOBAHHS METOJOM CKiHYCH-
HHX €JIEMCHTIB 3 BUKOPHUCTAHHSAM IPYKHO-IUIACTHYHOT MOJIEN IPYHTY 3a KpuTepiem minHocTi Mopa — Kynona. Ilpu npomy
PO3paxyHOK METOJOM CKIHYEHHUX CJIEMEHTIB BUKOHAHO HIISIXOM iTepamiifHOro 3MEHIIEHHS MIIHOCTI IPYHTIB 0 MOMEHTY
HACTaHHs I'paHUYHOI piBHOBark. BcTaHOBIIEHO, 1110 TP BIALITYBaHHI BUIMOK B MacHBi CXuily BinOyBaerbcs 3mina iioro HIC,
110 B CBOIO Yepry aKTHBI3ye 3CyBHi mpouecu. JloBeeHo, o Ui KOMIUIEKCHOTO OLiHIoBaHHs BIuuBy BHiMku Ha HJIC cxmy
JOLJIbHO BUKOPHCTOBYBATH TEXHOJIOTIIO TEOTEXHIYHOTO iH(POPMALIIHHOTO MO/ICIIIOBaHHS. 3a pe3y IbTaTaMi MOJICITIOBAHHS PO-
3p00JIeHO 3aX0/I1 L1010 MOAANBIIOT Oe3MeuHOT eKCILTyaTallii CXUITy 3 BHIMKOIO IIUIIXOM 3MCHIIICHHSI HABAaHT)KCHHSI Ha BEPXHIO
YaCTHHY MAacUBY Ta BIAIITYBAHHS IIPOTH3CYBHOI CHOPY/H.
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Introduction

The task's urgency related to ensuring the slopes' soil
masses stability is due to the need to operate building
structures and MEP on landslide hazard areas.

Insufficient study of such areas engineering geologi-
cal conditions features within the river valleys slopes
leads to errors in the design, construction and operation
of various building structures and MEP. Such conse-
quences, in particular, are natural landscape disturb-
ance characteristics, which occur during the installation
of various artificial excavations, embankments, build-
ing pits, cutting slopes, etc. [1 - 4].

Using generally accepted slopes classifications,
methods for determining the soils’ mechanical charac-
teristics and methods for assessing the soil masses sta-
bility and deformability does not make it possible to
predict the landslides occurrence and determine the fac-
tors that cause them. The landslides occurrence is most
often associated with the engineering-geological struc-
ture peculiarities and with changes in the slope masses
stress-deformed mode (SDM). During the site develop-
ment of such areas, and especially during the artificial
excavations construction, there are additional influ-
ences, changes in soil properties, hydrogeological re-
gime and relief [2, 4, 5].

The slopes soil masses SDM study, in particular sig-
nificant anthropogenic impact, is a complex scientific
and practical task. Therefore, to assess the slope stabil-
ity, it is advisable to build spatial information models
(BIM), as well as apply the finite element method
(FEM) using elastic-plastic model and appropriate
strength criteria, which allows to automate calculations,
discretize the calculation area, take into account more
factors, reduce time on cyclic operations taking into ac-
count changes in engineering-geological and hydroge-
ological conditions, etc. [6, 7].

This approach allows the development of effective
landslide prevention works set at the stages of design,
construction and operation of landslide hazard areas.

Review of the research sources and publications

Issues related to the landslides occurrence and dy-
namics peculiarities within the river valleys slopes are
considered in the works of the Poltava geotechnical
school, in particular, Yu. Velykodny and M. Zotsenko.
The landslide processes formation conditions on the
slopes in the presence of groundwater runoff basins are
investigated. Using data from laboratory and field tests,
landslides monitoring, of geological structure and slope
stability assessment analysis, changes in the physical
and soils mechanical properties within the basins were
studied [2, 6, 7].

To improve the slope stability calculations, the nor-
mative standards [8, 9] provide for calculations taking
into account the slopes typification. Existing typifica-
tion is scale-related to geomorphological, geological,
hydrogeological conditions, etc.

However, the typification takes into account only the
slope destruction nature and the soil masses movement
peculiarities, which incompletely allows assessing the
landslides causes, which depend on the groundwater re-
gime.

In turn, the groundwater regime is due to the water-
proof layer nature, which roof they move in streams
with different pressure gradients.

In addition, the existing landslides models do not take
into account the spatial effects of soil layers and
groundwater movement, which can be taken into ac-
count when using information modeling. Similar trends
were noted in [12 - 15].

Therefore, based on the existing landslides typifica-
tion and landslide processes dynamics F. Savarensky,
A. Pavlov, L. Popov, Z. Ter-Martirosyan and others de-
veloped a classification of depressions and landslides
on the slopes, which takes into account the soil mass
geological structure.

The slope stability in many cases depends on the char-
acteristics of soil strength and their physical condition.
There are a number of methods for determining the me-
chanical parameters, which are included in the norma-
tive standards. Recommended processing test results
methods often give unreasonably high strength charac-
teristics values, because the experimental conditions do
not correspond to the actual soil state in the slope
masses [10, 11].

The landslides causes and development studies, soil
strength reliable characteristics determination, the
choice of correct calculation schemes for calculation,
slope stability assessment and their modeling are ex-
posed in the works of I. Boyko, L. Ginzburg, M. Gold-
stein, A. Gotman, N. Gotman, M. Demchyshyn, V. Ka-
zarnovsky, M. Kornienko, V.Krayev, M. Maslov,
S. Meschyan, D. Shapiro, V. Shvets, O. Schkola
A. Bishop, A. Casagrande, J. Duncan and others.

Currently, it is proved the necessity to take into ac-
count the violation of soil structure, especially for lo-
essial soil. Because of such violations, the soil strength
characteristics are reduced, they should be determined
by the «plate-by-plate» method. The characteristics ob-
tained by this method are less compared to the standard
method of one plane shear testing, as only the soils
structural strength is taken into account, and the calcu-
lated slope stability coefficients showed that the use of
such parameters allows more reliable slope stability as-
sessment.

In some applications, the reducing procedure the
strength properties values are implemented to find such
critical values at which loses the slope stability, which
helps to establish the actual experimental slope stability
coefficient [12].

Definition of unsolved aspects of the problem

The normative standards [8, 9] regulate the slope sta-
bility calculation at the first limit state, taking into ac-
count both complete and structural soils adhesion. Ap-
propriate techniques for determining complete and
structural adhesion give inflated results. As a result,
slopes with active displacements are defined as stable
when assessing stability. Therefore, obtaining reliable
initial data requires improvement of methods for their
determination, adapted directly to the soil masses SDM
features and slopes engineering-geological structure.

In addition, traditional methods for slope stability as-
sessment often do not take into account the presence of
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depressions in waterproof layers. As a soil feature re-
sult in the geological structure is constantly under the
more intense movement influence of groundwater flow.
This negatively affects their mechanical properties and
requires a specific approach to research methods. These
factors and the forecast of their changes should be taken
into account when assessing the soil mass SDM and the
slopes stability.

Problem statement

Therefore, the purpose of the work is: to study the soil
slope SDM with an artificial excavation (water basin);
slope stability assessment of this array, taking into ac-
count the engineering-geological structure peculiari-
ties, changes in the soils physical and mechanical prop-
erties in the depression; development of recommenda-
tions to protect the array from landslides.

To achieve it, the following tasks: engineering-geo-
detic and engineering-geological studies of the terri-
tory; laboratory studies of soil characteristics to assess
the stability of the slope; slope information model con-
struction, slope engineering-geological profiles and
calculation schemes; possible lines (planes) determina-
tion of sliding and estimation of all slope and its sepa-
rate sites stability; development of recommendations to
stabilize landslide processes during operation on the
structures slope.

Basic material and results

The site is situated in Azov-Pridniprovska geomor-
phological region of Kozyatyn structural-denudational
watershed and is dated to the slope of the right tributary
of the Kamyanka River. The region's river valley char-
acteristic feature structure is formation in wide water-
glacier descents and valleys with wide wetlanded bot-
toms.

By the analysis of toposurface, which was plotted be-
fore the embankment construction for the territory, it
can be argued that the territory had general surface
slope in the southwest direction—to the river (the right
slope of valley of unnamed river, which is the right
branch of Kamyanka river).

The slope surface was cut by the valley-erosion net.
The most characteristic example of the network land-
forms is the depression (fig. 1), which was covered up
in the construction process and constructed a water ba-
sin (fig. 2).

In the natural state (prior to the territory construction),
the depression was the flow path of surface water into
the river (the basin area from which surface water was
collected is about 110,000 m2). At the top of the de-
pression is an abandoned loam pit 2,5 - 6,5 m deep. On
the bottom of the coombe, there are occasional deposits
of dusty sand 1 — 5 cm.

The water ground level is about 9,7 — 13,1 m from the
ground surface. Sands and sandy loams are water-bear-
ing soils.

The geological structure of the site up to a depth of 30
m involves the thickness of Quaternary sediments: silty
sands, small and medium size, as well as sandy loam

and loam, which are covered with loose soil, soil-vege-
tative layer and humidified loam with total thickness
2,5-6,3 m (fig. 3, 4).

According to geological surveys, the depression geo-
logical structure presents soils that have genetic differ-
ences from the surrounding area soils (deluvial and al-
luvial soils). This feature is due to the processes asso-
ciated with surface and groundwater runoff (flushing,
erosion, filtration), which contributed to the formation
of deluvial and alluvial deposits on the slopes and in the
lower part of the basin.

Note, that the atmospheric water discharge to vertical
planning occurred along this buried depression in the
southwest direction. Because of such a long water
movement impact in the depression, the soil has signif-
icantly lost its mechanical properties. From a hydroge-
ological point of view, the “buried” by embankment
coomb continues to be a path of groundwater flow in
the direction of the slope.

Figure 1 — Depression layout scheme
(before construction in the territory)

Figure 2 — Slope layout scheme with water basin
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Figure 3 — Engineering-geological section
before the slope construction
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Figure 4 — Engineering-geological section
after the slope construction

Unfavorable physical-geological processes within the
site include:

— significant soil array heterogeneity both in area and
depth: the presence of numerous layers, lenses, wedges,
etc.; separate layers of soil encountered only by one or
two wells; such array structure features indicate, among
other things, the different soil sediments origin;

— presence soils with specific properties (collapsing,
soft, backfills) particularly IGE-4 (loess sandy loam,
silty, stiff, in saturated state — liquid, macroporous) and
IGE-4 (loess loam, silty, macroporous, stiff, in satu-
rated state — soft-plastic, macroporous) with collapsible
properties due to loess strata saturation from surface
mainly by atmospheric water infiltration;

— silty sand (IGE-5b) and silty sandy loams (IGE-6
and IGE-6a) with liquefied properties;

— site surface water erosion;

— presence of buried depression on the water basin
site;

— presence of abandoned loam pit at the depression
top;

— presence of landslide processes on the slope.

These negative processes led to the partial water basin
slopes destruction, which were confirmed by the moni-
toring results. This deformation type can indicate the
soil mass displacement and its pressure on the north

side of the pond, resulting in a slight lifting of its sides
- up to 30 mm.

On the southwest side of the basin, due to the soil
mass displacement down the slope, the sides of'its basin
the slab lowering occurs (up to 250 mm), as well as the
basin slope subsidence in the middle part (fig. 5).
These deformations are the result of the landslide pro-
cesses activation. The local transverse (latitudinal) fis-
sures in the embankment massive from the riverside,
water basin banks destruction should be highlighted
among them.

Landslide processes activation is influenced by:

— depression territory usage, through which water
flow to river was, for water basin construction; after
water basin construction this water flow was partially
blocked leading the slope soil massive additional satu-
ration;

— territory releveling in the water basin construction
process (excavation / mound) of soil mass contribute
for atmospheric water accumulation in this manmade
massif;

—active releveling of territory relief on the slope with-
out layer by layer compaction and control of this pro-
cess, turf cutting, activated landslides, erosion pro-
cesses, mechanical suffusion, subsidence, etc;

— collapsible loess soils saturation (as a result of
drainless areas, not enough organized surface drainage)
contribute to soil mechanical properties decreasing;

— natural slope massif additional loading by soil em-
bankment and constructions and water basin content.

Figure S — Soil slope subsidence of south-west side
of water basin

Therefore, the visual surveys, topographic survey of
the territory, as well as based on the archival data gen-
eralization in the existing water basin area can summa-
rize the following.

1) Soil massif displacement processes occur at the in-
vestigated site.

2) The soil masses displacement affects the structures
and the technical condition of the water basin and other
surrounding buildings and structures.

3) As the territory made up of artificial embankment,
and the water basin territory is in the place buried by
the natural depression embankment, two variants of the
landslides are possible:
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- soil masses displacement occurs only within the
bulk soils limits on the natural depression surface;

- soil displacement occurs on sliding surfaces within
the natural soils of alluvial and delluvial genesis.

To assess the slope stability, engineering-geological
profiles (sections) are constructed both in the longitu-
dinal and transverse directions.

This importance is given to the origin (genesis) of
each soil layer (IGE).

To evaluate soil properties, the characteristics of sev-
eral groups are used: classification; basic; derivatives.
For this purpose, soil samples of the undisturbed (natu-
ral) structure selected from the boreholes were used.

For strata above or at the level of the sliding surface,
an additional test was performed using the method
«plate-by-platey.

To analyze the groundwater level, a groundwater sur-
face map in hydroisogips was drawn up (fig. 6).
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Figure 6 — Hidroisohypsis scheme on a site survey

As a result, the groundwater movement intensity in-
creases, the hydraulic gradient increases, which leads
to the soils weakening in the basin, their partial destruc-
tion

As a result of the natural place overlapping of ground
water unloading by filling soil and the water basin con-
struction, the groundwater level rose locally.

It is enhanced by leakage from the water basin and
storm water drainage system.

The rise of groundwater around the water basin is
confirmed by the hydroisogip scheme (fig. 6). It is
marked by a "dome" and a change in the place of un-
loading groundwater on the slope.

Changing the hydrogeological regime and increasing
the hydraulic gradient in the soils massif results in their
considerable weakening, suppositional destruction and
decrease of slope stability.

Generally, slope stability breach is associated with
overcoming soil resistance forces by shear stresses act-
ing on some planes.

Shear stresses in slope massif appear under the self-
weight influence of soil mass and additional loading to
slope from structures and filtration water pressure.

Soil shear resistance exists due to forces of internal
friction and cohesion acted in soil massif. If the friction
is present (¢>0°) forces of friction arise under influence
of soil self-weight and additional load from structures.

After generating the initial data to assess the slope sta-
bility, calculations by combined slip surface, which po-
sition was chosen in most weak soil stratum along con-
tact surfaces based on creation of maximal acting to re-
taining structures, were used and those calculations
were checked by numerical modeling by FEM.

In such a case, the rate of slope stability is evaluated
by value of safety factor (SF or kg). In the case of
ks> 1, the slope is considered stable. In the case of
ks < 1, the slope stability loss is occurs. In the case of
kst =1 the equilibrium limit state comes which leads to
landslide.

Slope stability assessment consists in equilibrium
condition consideration of soil massif 1 m width (two
dimensional problem) with vertical lateral faces, condi-
tionally cut from slope massif in the landslide direction
(forces acted to lateral faces are not taken into account).

Its position is influenced by the peculiarities of the
engineering-geological structure and hydrogeological
regime on the site.

The sliding surfaces position was specified on the ba-
sis of a stability calculations series and the most proba-
ble sliding surface selection, where the stability coeffi-
cient value is minimal.

To clarify the soil strength characteristics (internal
friction angle @st and structural specific cohesion cy), a
"reverse" calculation is performed.

It is performed with stability factor is equal to one
(kst = 1), because the slope is in a landslide condition
(cracks, slopes, trees inclination towards the slope fall,
etc.).

Inverse calculations for slope stability assessment are
based on the analysis of their actual and forecast state,
taking into account the action of all possible adverse
factors and changes in engineering and geological con-
ditions. This takes into account the change in hydroge-
ological conditions (surface and underground flown) by
increasing the actual groundwater level, as well as
changing the massive soil strength characteristics (us-
ing the smallest values obtained in the "reverse" calcu-
lation).

The aquifers influence that drain on the slopes’ stabil-
ity is taken into account in the conditions of rocks wet-
ting, weighing, filtration pressure, removal by piping.

Water causes a weighing effect on the deposits that
make up the slope. By saturating the soils, the water
changes their physical and mechanical characteristics,
and especially reduces the shear resistance value.

In addition, groundwater, wetting possible sliding
surfaces, reduces friction. In doing so, the water, by
weighing the soil skeleton, reduces the normal stresses
in the displacement plane due to the pore pressure and
can lead to almost complete removal of the internal fric-
tion in the soil.

According to the above methods and prerequisites,
the calculation of the water basin dam slope stability
were realised (table 2).

The slope calculation diagram is shown in fig. 7.
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Figure 7 — Calculation schemes:
from above - placement of the sliding line
on the engineering-geological section
of the slope massif;
bottom - distribution diagram of equivalent
shear pressure (kN / m.p.) at stability
coefficient 1 and 1.2

FEM modeling was used to estimate the SDM of soils
on the slope.

Slope stability modeling was performed using an
elastic-plastic model with the Moore-Coulomb (MK)
strength criterion. The following preconditions are ac-
cepted in the elastic-plastic problem formulation:

- the considered nonlinearity manifestations include
plastic deformation of forming under a complex stress
state, unimpeded deformation under tension;

- in a complex stress state (compression with shear),
the total deformation contains a linear (elastic) and
plastic parts, and the plastic deformation component
occurs after the stress state reaches the tensile strength
in accordance with the condition MK for the plane
problem

1 1 .

5(0'1—0'2)+5(0'1+0'2)sm(p—c-cos¢)=0. (1)

The computational domain discretization while solv-
ing a nonlinear problem is performed by FEM.

The modeling was performed according to the
method of soil strength reduction. It consists in reduc-
ing the strength characteristics until the onset of ulti-
mate equilibrium.

This approach determines the slope stability coeffi-
cient as the specified characteristics ratio to their limit
values

c+o-tan @
fy =2 208 )
¢, +o-tan @,

where ¢ and ¢ are the initial strength characteristics;
r —normal voltage component;

cr and ¢, are the limit values of strength characteris-
tics

Accepted in the physical and mechanical properties
calculations of engineering-geological elements and
the structures properties are summarized in table. 1.

The geometric model with a finite elements grid for
calculation and simulation results are shown in fig. 8.

It is used to determine possible sliding lines (planes)
and to assess the entire slope stability and its individual
sections, to develop measures to stabilize landslide pro-
cesses during operation on the structures’ slope, and so
on.

In particular, according to the calculations results, the
soil mass stability coefficient was 0.91. The artificial
recess and the slope are in unsatisfactory technical con-
dition. The actual soil mass state is approaching the
limit, it is possible to intensify landslides.

Table 1 — Calculated Values of physical and mechanical properties of soils

P ; Unit Number of soil strata
arameter ni 1 Ta 6 2 3
16,8 18,4 16,5 16,7 17,5
3 ) ) ) ) )
Y kN/m 17,0 18,6 16,7 16,9 17.6
The angle of inter- 11/
nal friction oy gn deg. 13 24/25 17/18
Unit cohesion ¢y KPa 10,2/ 0,0/ 15,3/
cr 11,6 0,0 16,7
Unit cohesion struc- kPa 1.0 0.0 52
tural
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Table 2 — Shear forces calculation of the water basin dam soil massif

- o Shear re- B B
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ZI5|5| E| 512 | 3 |s-|2| 418 |2 | E|58]5%
S22 < S ) o = S = © = s < & | 05| 08
= - B3 oh FH S o 17 2 B2 - < < < Q
2182 8| 2|5 & S 2712 = | 2.8, 8|25 |2
== = R 3} 5 i = = ° B 2
A - R - & |8 | 8] & |25 % |e€| g5
Sl e »n |2 |® S Z § | &= £¢
5 = = k3] 2 2 X &
S5 = 1S |2 ]|a |A
1|3]11]370]3,70 17| 62,9 | 39,00 | 11,0 5 | 39,6 9,5 19 | 10,8 | 10,8 | 15,6
2 13| 1]10,50| 10,5| 17 | 178,5 | 34,00 | 11,0 | 5 | 99,8 | 28,8 18 | 53,0 63,7 | 76,3
3 (31 (1597|1597| 17 | 271,5 | 29,00 | 11,0 | 5 | 131,6 | 46,2 17 | 68,3 | 132,1 | 1552
4 13| 11(20,45|20,45| 17 | 347,7 | 24,00 | 11,0 | 5 | 1414 | 61,7 16 | 63,2 | 1953 | 231,5
513 |1 (23,57|23,57| 17 | 400,7 | 19,00 | 11,0 | 5 | 130,5 | 73,6 16 | 40,9 | 236,2 | 287,4
6 | 3|1 (2438|24,38| 17 | 414,5 | 1500 | 11,0 5 | 107,3 | 77,8 16 | 13,9 | 250,2 | 316,8
713 |1 (2432|24,32| 17 | 413,4 | 10,00 | 11,0 5 | 71,8 79,1 15 |-22,6 | 227,6 | 310,0
8 | 3 |1 (23,18(23,18| 17 | 394,1 | 6,00 | 11,0 | 5 | 41,2 76,2 15 |-50,1 | 177,5 | 275,1
913 |1 [16,88[16,88| 17 | 287,0 | 2,00 | 11,0 | 5 10,0 | 55,7 15 |-60,7|116,8 | 226,2
102 (1 (815(8,15| 17 | 138,6 | -4,00 | 11,0 | 5 -9,7 26,9 15 |-51,6 | 65,2 | 181,6
763,5 | 535,5 | 163
Total
763,5 698,3
Safety factor 0,91
Conclusions

Figure 8 — Geometric model and results of SDM
slope modeling

Modeling of the FEM using a comprehensive ap-
proach to determining the initial data confirms the cal-
culations results and the actual slope soil massif state.
Based on the results of assessing the slope stability with
an artificial excavation for its accident-free operation,
it is advisable reducing load on the slope (embankment)
by cutting loose soil on the slope (minimum 2 m).

It is expedient to plan the territory for organized
drainage of atmospheric water from the slope towards
the river, as well as the landslide protection structures
arrangement.

1. As a result of engineering-geodetic and engineer-
ing-geological survey of the territory there is a possi-
bility of slope spatial information model geometry con-
struction. The soils laboratory studies results are in-
cluded in this model by assigning its elements the ap-
propriate properties.

2. As a result of slope stability assessment analyti-
cally and by modeling the SDM according to the meth-
ods described above, the possible sliding planes and
shear pressures on potential landslides were deter-
mined.

3. It is established that when arranging excavations in
the slope array, its stress-strain state changes. This in
turn affects the landslides activation. For a comprehen-
sive assessment of the excavations’ impact on the
stress-strain state, it is advisable to use the technology
of geotechnical information modeling.

4. Procedures have been developed for further slope
operation with a recess by reducing the load on the up-
per slope part and the landslide protection structure in-
stallation.
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The research relevance is determined by the need to draw up a specific reference, regulatory and procedural documents that take into account
regional features in designing public spaces. The analysis of urban spaces is carried out based on the example of the city of Severodonetsk to
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Oprasizanis MiCbKHX IIPOCTOPIB Ma€ BAXIINBUH MICTOOYIiBHHI CTAaTyC, OCKITbKU BOHU IPH3HAYEH] IS COMiaIbHOTO, HOMITUYHOTO, EKOHOMI-
YHOTO CIIIKYBaHHS TOPOJSH. AKTyaJIbHICTh POOOTH BU3HAYAETHCS HEOOXITHICTIO POPMYBaHHS OKPEMHX JIOBIIKOBHX, HOPMATHBHO-METOIHY-
HHX JOKYMECHTIB, sIKi BpaXOBYIOTb perioHalIbHI 0COOIMBOCTI B IPOEKTYBAHHI MyOIiYHUX MPOCTOPIB MAJIMX Ta CEPEAHIX MICT. [CHYIOTh TiIbKU
HOPMATHBHI JOKYMEHTH y Taly3i OyJiBHHITBA, sIKi BCTAHOBIIOIOTH PO3MIPH IPOMAJCHKUX LEHTPIB 3aJIeKHO BiJ YHUCENBHOCTI HACENCHHS.
POBEJICHO aHaJi3 MiCbKHX MPOCTOPIB Ha NMpHKiai M. CeBEpPOLOHEIBKA 3 METOIO BUSBIICHHS IPOCTOPOBO-TIAHYBAJIBHOI CTPYKTYPH TaKHX elie-
MEHTIB 1 npobieM y ix ¢opmyBanHi. BusHaueHo, 1110 0OCHOBHOIO Mpo6iaeMoro y GopMyBaHHI MyONiYHHX MPOCTOPIB € HEBU3HAYCHICTH iX Y
HOPMATHBHHX JOKYMEHTaX 3 MiCTOOYIyBaHHS, a caMe: KiIbKOCTI, (DYHKIIOHAIBHOCTI, IIPOCTOPOBO-ILIAHYBANBHOI CTPYKTYPH, (hOPMyBaHHS.
Bununkae HeoOXiTHICTb CTBOPEHHS YMOB MOAANIBLION B3a€MO/IiT MiCTOOYJiBHHX, €KOJIOrO-TaHAAa()THHX, COL[iaTbHUX PIOPUTETIB Y PO3BUTKY
CepeIOBUIIA MICHKUX IPOCTOPIB SIK TEPUTOPIH 3 MiABHIIEHOI0 KOHLCHTPALI€I0 aKTHBHOCTI TOPOJISH, 3 ypaXyBaHHAM HEOOXITHOCTI CTBOPEHHS
CIIPUATINBHAX YMOB IPOXKUBAHHS i IHAMBIyasti3aii MICBKOTO CEpPeJOBHIIA Ta CTBOPEHHS HOPMATHBHUX TOKYMEHTIB. BHSBICHO HECTPYKTY-
POBaHICTh OKPEMHX EJIEMEHTIB CYCIIUIBHUX IPOCTOPIB; BIACYTHICTh Y PsIi BUMAAKIB 4iTKO BUPKEHOTO PAHXKUPYBAHH 1 QYHKIIOHATEHOTO
30HYBaHHI TEPUTOPIi; BiAipBaHICTh MiCBKHX ITyOIIYHUX MPOCTOPIB BiJ NpUpoaHOro JaHamadpTy. CKIagoBi eeMEHTH MiCBKHX HPOCTOPIB Po-
3MBHYTO SIK OKPEMO B3ATi MiCTOOYAiBHI 00’ €KTH (IpOMaJIChKi IIEHTPH, MIChKi BYJIHUIIi Ta ILIONIi, 03€ICHeHHS), 10 BiAipBaHi Bix JaHamadTHOT
IiIOCHOBH 1 3arajbHOI eKoJIoriuHoi cutyanii. 'poManceki i myOaiyHi IPOCTOPH MOXKYTh BUHUKATH Ta YCHIIIHO (QYHKIIOHYBATH TiJIbKU IIPU
O1IBII YBaXXHOMY CTABJICHHI 10 HUX 3 60Ky MiChKOI aaMiHicTpamii, COliaIbHO BiANOBIAAaIbHOrO Oi3HECY i CAMHX TOPOJISH, TOI K e(EKTHB-
HICTh p0OOTU MOXe OyTH TOCSATHYTA JUIIE 3aBSIKH IXHIM CIIUIBHUM 3YCHILISIM. 3pO0JIeHO IPOTHO3 TOUOK IOSBH HOBUX ITyOTIYHUX i TpoMaj-
CBKHX IPOCTOPIB.

KoniouoBi c1oBa: rpoManceKuil pocTip, MyOmivHMI IPOCTip, IIIOMA, MiCTO
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Introduction

A city is a complex dynamic and multifunctional or-
ganism, where urban spaces as centers of social, cul-
tural, and social life are changing together with the en-
vironment. Therefore, the issues of creating urban
spaces are becoming increasingly important. These el-
ements of the urban environment have an urban-devel-
opment significance and are made for social, political,
economic communication of citizens. The peculiarity
of these spaces is liveliness, crowds, high attendance,
friendly social atmosphere, which is explained by their
main functional content — to be a center of activity and
exchange of information. However, in the theory and
practice of urban development, there is no systematic
approach to the design of these urban spaces from the
standpoint of sustainable development of their environ-
ment, especially for small and medium-sized cities. The
constituent elements of urban spaces are considered as
separate urban-development facilities (public centers,
city streets, squares, landscaping) detached from the
landscape foundation and the general environmental
state. The result is environmental and landscape degra-
dation; in compliance with the created planning pattern
of functional use with the requirements of creating fa-
vorable conditions for a person; the impossibility of
constant use by different groups of the population at
different times of the year and day. All this reduces the
urban-development and social efficiency of territories
and requires active environmental and landscape inter-
vention as well as the development of methods of spa-
tial planning, functional, socio-aesthetic change of en-
vironmental characteristics to create sustainable, self-
regulatory natural and anthropogenic systems of urban
spaces.

It should be noted that many authors provide different
definitions of urban spaces in their research: some call
them public, others — community. However, they have
similar definitions.

Review of the research sources and publications

The development and transformation of the urban en-
vironment are studied in the works of Lynch K. [1],
Posatskyi B.S. [2], Tyshchenko .M. [3], Ladniuk M.I.
[4], and others.

The author [1] defines that public space as a city cul-
tural component expressed through the creation and
recreation of urban culture, lifestyle, and the highest
standards of cultural activity. Its main features are pe-
destrian accessibility and excess of possibilities.

According to [5, 6], a public space is a place that is
open and accessible to all people (parks, squares, side-
walks, streets, etc.).

In the 1970s, “Placemaking” (development of public
spaces) became popular. This term first formulated by
J. Jacobs and W. White [7, 8, 9] refers to a multifaceted
approach to planning, design, and management of pub-
lic spaces. The idea of “Placemaking” is the oppor-
tunity to create new places that will fit harmoniously
into the existing buildings based on knowledge, oppor-
tunities, and ideas of the local community.

Great importance is given to the short-term rest,
which means recreation and comprehensive harmoni-
ous development of a person with clear territoriality.
Short-term rest accounts for up to 90% of the recrea-
tional time during a five-day working week. However,
it is mostly disorganized, semi-spontaneous, so it ne-
cessitates the search for management opportunities.

Public space is currently becoming the so-called
“third place” — a place, where a person spends time be-
tween home and communication with family members
(“first place”) and the workspace (“second place”).
This place is a “neutral territory”, where different age
and social groups of the city population spend their free
time.

Public space is a place for exercising political and
public human rights [4, 10], and is characterized by the
following functions:

— political — creating space for political discourse;

— social — interaction of people between themselves
and the government;

— recreational — places for leisure;

— educational — a tool for preserving historical and
cultural monuments.

The typology of urban spaces is determined by the ur-
ban function [11]:

— linear — the city’s street network that solves the is-
sues of communication, transport;

— local — open spaces, where accumulation or redis-
tribution of transport or human masses, the concentra-
tion of trade, communication take place;

— dispersed — closed spaces that form “work fields” of
dispersed processes of work and life (recreation, living
environment, production). This type of spatial pattern
of the urban environment is the alternation of residen-
tial yards and areas of public buildings in the residential
area.

In their turn, linear urban spaces are divided into:

— frontal — the field of view is “filled” with a planar
image of a facility;

— three-dimensional — a facility is perceived in the
perspective;

— deep — a facility goes into the view depths forming
a “spatial body”.

The architectural features of public spaces are acces-
sibility; convenience, safety; multifunctionality (ability
to transform according to the needs of different social
groups). These are city squares, streets, sidewalks,
parks, cafes, etc. In this case, the form is secondary, be-
cause it is a process taking place there that is an im-
portant criterion.

The meanings of community space and public space
in some cases coincide, but there is a significant differ-
ence between them: community space is associated
with a common and accessible place for public activity,
and public — with something happening in front of eve-
ryone, but deeply and personally significant at the same
time [12].

Urban geosystems of small and medium-sized cities
have a much lower dynamism compared to the large
ones making urban planning more relevant along with
their most important role in the social division of work
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and the whole life of society. It is important to under-
stand that community and public spaces can appear and
function successfully only with a more attentive atti-
tude to them on the part of the city administration, so-
cially responsible business, and the citizens themselves,
while efficiency can be achieved only through their
joint efforts.

Definition of unsolved aspects of the problem

The research relevance is determined by the need to
draw up the currently absent reference, regulatory and
procedural documents that take into account regional
features in designing public spaces of small and me-
dium-sized cities. There are only regulations in the field
of construction, which determine the size of community
centers depending on the city population [13, 14].
There are many features in creating spaces in such cit-
ies: climatic, natural, historical, etc. For example, the
change in the city status (Severodonetsk has the status
of the oblast center since 2014), the consequences of
hostilities, unsatisfactory environmental state as a re-
sult of chemical industry activities, and unsatisfactory
level of landscaping [15] require a special approach to
urban spaces from the standpoint of sustainable devel-
opment.

As a result of the above, there is a need to create con-
ditions for further interaction of urban-development,
environmental, landscape, social priorities in the devel-
opment of the urban environment as spaces with a high
concentration of citizens taking into account the need
to create favorable living conditions and individualiza-
tion of the urban environment, and to draw up the reg-
ulations.

Problem statement

To analyze urban spaces of small and medium-sized
cities based on the example of Severodonetsk, to iden-
tify the spatial planning pattern of these elements and
issues of their creation.

Basic material and results

In modern architectural and urban-development prac-
tice, there is a problem of lack of developed, citizen-
oriented comfortable, and accessible public spaces.
According to world standards, public places should be
primarily safe, free, comfortable for all groups of the
population. In modern Ukrainian cities, most public
spaces do not meet these criteria. This is especially true
for small and medium-sized cities. Severodonetsk is no
exception.

The generally accepted typology of urban public
spaces [11] can be used to categorize the public spaces
of Severodonetsk. However, it is subjected to clarifica-
tion and adjustment due to the specific urban situation.
Thus, according to the spatial planning conditions of
Severodonetsk, except for configuration and size, the
typology also includes the connection of the space (lo-
cal, linear, dispersed) with elements of the planning
pattern “framework” of the city, i.e. highways of differ-
ent types.

According to the analysis, it has been found out that
45% of the public spaces of Severodonetsk are the local

ones (Fig. 1). In their turn, local spaces are divided into
the following subtypes:

- squares with buildings at the corners — 43% of the
total number of spaces of this subtype (Victory Square,
the square near the City Council — Peace Square).

- squares with a decorative fence (the square near the
Ukrainian Music and Drama Theater, the square near
the city’s Palace of Culture of Builders).

Figure 1 — Typology of Severodonetsk public
places:
1 —local, 45%; 2 — linear, 30%; 3 — dispersed, 25%

All these squares are multi-purpose with a predomi-
nance of administrative and business, cultural and en-
tertainment establishments, trade functions. These are
areas of the city or district significance.

The second type of space is linear - 30%. Among
them the following subtypes are distinguished:

— designed between two high-traffic highways — resi-
dential streets formed by a chain of segments and sites
of local significance - 33% (Tsentralnyi Prospect);

— spaces intersected by one or several highways of the
city or district significance — 57% (Hvardiiskyi Pro-
spect, Khimikiv Prospect);

— spaces intersected by neighboring local spaces -
10% (Khimikiv Prospect — Peoples’ Friendship Boule-
vard).

Such spaces are created by the sequential connection
of facilities of visual perception. Spaces of this type are
multifunctional and most often belong to areas of dis-
trict significance depending on the rank of their ele-
ments.

The third type - dispersed spaces — comprise 25% of
the total number of public spaces in the city and are
made up of a set of local and linear elements. The con-
stituent parts of these spaces are often separated by
buildings, and their visual connections are difficult (e.g.
the ensemble of public spaces of the Holy Christmas
Cathedral is compositionally connected with the main
axis of Hvardiiskyi Prospect). These systems belong to
areas of the city significance.

It is necessary to distinguish public spaces based on
their interaction with the natural landscape (spaces ad-
jacent to the natural landscape make up 15% of the total
number of urban public spaces):

— local spaces adjacent to the landscape - 10% of the
total number of spaces of this subtype (Lake Chyste,
Lake Parkove, city park);

— linear spaces adjacent to the landscape - 66% (Tsen-
tralnyi Prospect — “Jazz” shopping and entertainment
complex).
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According to their functional purpose, all public
spaces of the city of Severodonetsk can be divided into
political, social, and recreational functions.

According to the political function, it is possible to
name such spaces as the square near the City Council —
Peace Square (Fig. 2, a). It was the main square for var-
ious political events. In 2014, Victory Square (Fig. 2,
b) acquired the same status due to the location near the
Civil and Military Administration of Luhansk oblast. In
addition, during election campaigns, this function is ac-
quired by the places of concentration of the city’s resi-
dents (the intersections of Hvardiiskyi Prospect and

Kurchatova Street, Hvardiiskyi Prospect and Donetska
Street, Khimikiv and Tsentralnyi Prospects).

At the same time, these squares perform both social
and recreational functions, because there are held not
only political, social but also cultural events. First of
all, this applies to Victory Square. The square near the
Ukrainian Music and Drama Theater performs a social
function.

Public spaces that perform a recreational function
may also include Lake Chyste (Fig. 2, c), the city park
with Lake Parkove (Fig. 2, d), and the territory of
“Jazz” shopping and entertainment complex.

Figure 2 — Severodonetsk Public Spaces:
a — Peace Square; b — Victory Square; ¢ — Lake Chyste; d —Lake Parkove and the city park

A distinctive feature of creating public spaces of
small and medium-sized cities is their small number,
compactness, and multifunctionality.

The analysis of the typology of public spaces in
Severodonetsk has been conducted to identify the spa-
tial planning patterns of these elements of urban spaces.
It has shown numerous problems with these spaces, the
main of which is the following:

— unstructured elements of public spaces;

— the absence of a clear ranking and functional zoning
in some cases;

— detachment of urban public spaces from the natural
landscape (only 15% of public spaces in Severodonetsk
somehow interact with the natural environment, and the
established connection of public spaces exists only in
the central (second) and partly in the first planning ar-
eas of the city).

The problem of creating public spaces in cities, par-
ticularly small and medium-sized, is that in the current
DBN B.2.2-12:2019 “Planning and development of ter-
ritories”, a “public center” is an independent object of
urban development, and public or community space is
its component. In the same DBN B.2.2-12:2019, the
consolidated indicators of the area of a multipurpose
city center are provided: for medium-sized cities —
5-10 m*person; for small — 10-20 m?/person.
When making new master plans of cities, there is a need
to clearly define the concept of a “public space” and its
size.

The historical formation of the city of Severodonetsk
began with the first planning area in the 30-50s of the
last century, the second was formed in the 70-80s. The
third planning area began to be built at the end of the
20th - beginning of the 21st century. It is found out that
most urban spaces are located in the first planning area
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- points 1-4 in Fig. 3. This is mainly the squares of the
Prospect, where mass events take place, e.g. flash
mobs, rallies, concerts, fairs. In the second area, there
are few such places. First of all, it is a leisure area of
Lake Chyste (Fig. 3, p. 5). In the third planning area,
they were not planned at all.

The city development is presupposed by its territory,
and it goes in the southeast direction. Therefore, the
concentration of the population and the city center is
gradually shifting. In this regard, places of communica-
tion, recreation, agitation sites are beginning to appear
spontaneously. They are gradually designed and cre-
ated. For example, the park, children’s and sports
grounds began to be created around the built Cathedral
(point 6). Shopping malls and a network of cafes have
also been built here.

If we draw the main axis of the urban space of the city
built in the first planning area (Fig. 3, points 1-4), we
can see that it has now shifted to the second one
(Fig. 3, p. 5-6). Currently, the process of creating public
and community places continues. A skate park is being
built in the second planning area (Fig. 3, point 7). On
the line of axis 2 — point 8, the residents have created
the best yard of the city. There is a campus near

--------
e

. TPLL [Lxa 3@

1% planning
area

Volodymyr Dahl East Ukrainian National University.
That is, the further development of the city has led to
the creation of new public spaces.

If we draw another line of creation of urban spaces of
the city through points 4, 5, and 6, and also continue
them in the form of a fan on the map of Severodonetsk,
it is possible to forecast where the needed public spaces
may arise. On the example of the city of Severodonetsk,
these are places corresponding to points 9-11 (Fig. 3).
It should be noted that the “Sever Lake” project is al-
ready being prepared by Severodonetsk Youth Council
together with the Center for Modern Change, which
provides the development of the shoreline near Lake
Chyste for cultural and active recreation of residents
and guests (Fig. 3, point 9). It is clear that the next spon-
taneous point of growth of public or community space
will be the place specified by points 10 and 11. There-
fore, in urban development, there is a need to plan and
organize such spaces, to allot the necessary areas for
them.

Currently, the city needs new public spaces in the
third planning area to reduce the radius of accessibility
and the time to get to them.
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Figure 3 - Public spaces in the city planning pattern of Severodonetsk
1 — Victory Square; 2 — Palace of Culture of Builders, 3 — Peace Square; 4 — City Park;
5 — Lake Chyste, 6 — “Tank” Memorial, 7 — the church and the adjacent park,
8 — the best yard, 9 — the planned design of a recreation area,
10, 11 — promising areas of urban space

Conclusions

According to the analysis of urban spaces based on
the example of Severodonetsk, it is established that the
main problem in creating public spaces is their uncer-
tainty in the regulations on urban development, namely,
their number for the city, functionality, spatial planning
pattern.

There have been revealed unstructured individual el-
ements of public spaces; the absence of a clear ranking
and functional zoning in some cases; detachment of ur-
ban public spaces from the natural landscape.

The forecast of new community and public spaces ap-
pearance is made.
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The negative consequences analysis of public buildings thermal modernization for cases of work stoppage has been carried
out. The negative consequences arise for the environment and the facility residents. Organizational and construction mistakes
have a long complex character and cannot be corrected. The problem from the technical side turns into an administrative
process. The task is to propose organizational and technological measures that would make such cases impossible in the future.
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YmoBH Ta GaKTOPH HEraTUBHUX HACJIAKIB PEKOHCTPYKIIII -
TEeIJIOBOI MOJAepHi3alii MICbKHX OyaiBeJIb

Coxkosenxo B.M.", Tonoanos O.1.2, Cokonenxo K.B.3, ®inarses M.B.*

1:2.3.4 Cxinnoykpainchkuil HamioHabHMit yHiBepcuTeT im. B. Jlans
*Anpeca miis muctyBanHs E- mail: 13wms13@ukr.net

TerutoBa MoJepHi3allis, pEKOHCTPYKIIis OyaiBesb i CHOpY] Mae Ha METi MPOJOBKEHHs TEPMiHy EKCIUTyaTallii, MOJiMIIeHHs
(YHKIIOHAIBHUX Ta CIIOXKHUBYMX XapaKTepUCTHK 00’ exTa. CTaTUCTUKA CBITYUTH PO HEMOOANHOKI BUMAAKM, KOJIM 3HAYHI KO-
IITH, 3aKJIaJeHI B PEKOHCTPYKILIiIO OyIiBii, CYyTTEBO MOTIPIIYIOTH YMOBH (DYHKI[IOHYBaHHS 00’€KTa Ta poOOTy KOHCTPYKIIIH.
HerartusHi Hacigxy, 10 BUKINKaHI 3a3BU4aii opraHizaniiino-0y/iBeTbHIMI IPOpaxyHKaMH, MAIOTh JJOBIOTPUBAJIHI KOMILIE-
KCHHUI XapakTtep, HOTIPIIYIOTh HABKOJIMILIHE CEPEIOBUILE, CTAH KOHCTPYKLIH, MIKpOKIiMaT y npuMitieHHsxX. Y mictax Cese-
pomonensk, Pydixnue, CTapoOinbChk € 00’ €KTH, HA IKUX pOOOTH 3 yTEIUICHHS (haca(iB IPU3yITHHEHO. BHACTIOK IIOT0 3aXUCHI
KOHCTpPYKLi (pacamgy He 3SMOHTOBAaHO, MiHEpaJIOBaTHI IUIMTH Ta BITpOBa MeMOpaHa pyHHYIOThCS, CTIHN OyIHHKIB HAKOIIUYYIOTh
BOJIOTY, L0 MOTPAIUI€ Y HAaNiB3pYHHOBaHMII 1ap MiHEpaIOBaTHUX IUIMT. [IpUpOAHO-KIIMATHYHI YHHHUKY NPU3BOIATH 0
py#Hauii TerIoi30sLil, BHACIIIOK YOr0 y HABKOJMIIHE CEPEIOBHUILE MOTPAILIIE BEJIMKA KiTbKICTh MIKPOCKOIIYHOTO THITY,
MIKIZJTMBOTO ISt JIFOAMHN. UnMmani KomTi GpakTHIHO CIPSMOBAHO Ha MOTIPIICHHS! YMOB eKCIUTyaTamii 3aMiCTh ITO3UTHBHOTO
edexry. Ha Haury aymMKy, cuTyarlis He MOke OYTH BUIIPABJICHA POCTHM 3aBEPILICHHSM HEBHKOHAHUX POOIT, OCKIIBKH HOPY-
IIeHO TEXHOJOTiI0 BHpoOHMITBa. [Ipobiema 3 OyniBenbHOI IepepocTae B aAMiHICTPATHBHO-IMBUIBHY, OCKUIBKH MOBa e
PO TPUBAINI HETaTHBHUII BIUIMB Ha HABKOJMILIHE CEPEHOBHUIIE Ta 3arpo3y 310POB’I0 MELIKAHILIB 00 €KTiB PEKOHCTPYKIIIi.
TocTae 3aBraHHs MO0 PO3pOOIIEHHS OpraHi3aliifHO-TEXHOJIOTIYHIX 3aX0/(iB, SIKI YHEMOMUIUBIIIN O TOIOHI BUMTAAKK Y Maii-
OyTHbOMY. Pa30M 3 MiICHICHHAM TEXHIYHOTO HAIJISy PEKOMEHAYEThCS BIIPOBADKYBATH 3/1iHCHIOBATH POOOTH KOMIUICKCHUM
METOJIOM, KOJIH IIPOTATOM 3BiTHOI'O HEpiojly MOBHICTIO BUKOHY€ETHCS KOMIUIEKC ONOPSKEHHS (acaay B MEKax BUOKPEMICHOT
YapyHKHU — JUISTHKH CTiHU. ABaHCOBE (hiHAHCYBaHHS CJIiJ )KOPCTKO YB’sI3yBaTH 3 IPOEKTHOIO TOCIIJOBHICTIO BUKOHAHHSI POOIT,
MOYaTOK POOIT HEe JO3BOJIATH 0€3 3aTBEPKEHOTO POEKTY BUKOHAHHS POOIT, 110 MPOUIIOB KCISPTHU3Y.

KorouoBi c10Ba: 0XxopoHa HaBKOJMIIHLOTO CEPEOBHIIA, PEKOHCTPYKILis Oy/IiBeNb, TEIUIoBa MOJIEpHi3aLlist Oy1iBelnb, yTemn-
JeHHs (acaniB
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Introduction

Modern houses are designed taking into account the
requirements for minimizing heat loss and ensuring ef-
fective thermal insulation. A large number of buildings
- civil and public, require reconstruction and moderni-
zation, the thermal modernization remains a very ur-
gent problem. Neither the state nor city budgets are able
to provide funding for full-scale reconstruction pro-
grams for existing housing stock, utilities, etc. The so-
lution to the problem is seen through the implementa-
tion of various programs, modernization projects, with
the involvement of all possible sources of funding, in-
vestors, stakeholders. In conditions of a limited re-
sources amount, the task, therefore, consists of the most
efficient use of funds, the implementation of modern,
relevant projects of reconstruction, modernization of
buildings and structures.

Review of research sources and publications

A large number of researchers and scientists were in-
volved in problems of reconstruction of buildings and
structures. The issues of energy saving in construction
were dealt with by Yu. Tabunshchikov, G. Farenyuk,
M. Brodach, M. Timofeev, K. Fokin [1-5], and many
others. The problems of thermal modernization of
buildings of SRSBC (Kiev) are thoroughly investi-
gated. Ukraine as an industrial, urbanized country has
extensive experience in reconstruction, modernization,
restoration of industrial facilities, urban development,
buildings and structures, accumulated by specialized
design, scientific institutions, universities. In general,
the experience is systematized by the state building
codes [6-8].

Definition of unsolved aspects of the problem

The purpose of the study is to determine the circum-
stances and factors leading to a negative result in the
reconstruction of urban buildings.

According to this goal, the following tasks are solved:
the systematization of buildings thermal modernization
negative cases; analysis and grouping of negative con-
sequences and threats arising from organizational and
construction factors; to develop conditions and con-
straints to help prevent similar construction miscalcu-
lations and consequences in the future.

Problem statement

The purpose is to carry out the analysis of the nega-
tive consequences of thermal modernization of public
buildings for cases of the work stoppage. The negative
consequences arise for the environment and the resi-
dents of the facility. Organizational and construction
mistakes have a long complex character and cannot be
corrected. The task is to propose organizational and
technological measures that would make such cases im-
possible in the future.

Basic material and results

Most of the industrial cities of Ukraine combine sim-
ilar classifications and objects inherent in the stages of
their development. The urban environment unites vari-

ous types of buildings and structures with various ty-
pologies and building classifications. However, there
are laws for the development of society and basic prin-
ciples that establish certain framework conditions for
the functioning of cities. There is an inconsistency be-
tween the estimated and standard periods of the normal
operation of structures, elements of buildings and struc-
tures, materials for interior and exterior decoration, en-
gineering systems, and communications of buildings.
General requirements for the level of housing comfort
and places of people residence are changing, worldview
guidelines are changing. Royal residences do not meet
the requirements of modernity [9]. This state of affairs
is the standard, the problem is partly the fact that real
estate has features of inertia and high cost, re-profiling
or modernization will require significant material and
financial costs [10]. In modern conditions, an increase
in energy consumption is an unacceptable trend, the is-
sue of thermal modernization and reconstruction of
buildings - residential and public [11] is acute. Numer-
ous projects and programs for saving energy and heat
resources have been successfully implemented.
The houses of the Soviet era were built according to
outdated heat consumption standards and need modern-
ization [12]. For typical projects and homogeneous
buildings, almost standardized solutions are used,
providing for facade insulation, roof renewal, attic floor
insulation, replacement of windows and doors with
modern energy-saving ones, and entrance lobby re-
newal. Insulation of facades mainly involves the device
of a ventilated structure using mineral wool boards.
Styrofoam plates, etc. liquefied insulation is used less
often since it does not meet fire safety requirements.
Unfortunately, the statistics of cases when work on
facade insulation was suspended, facade structures
were not installed have already been accumulated.
The obvious and probable reason for the termination of
work is insufficient funding. To illustrate the situation,
you can give examples in Severodonetsk, Rubezhnoe,
Starobelsk Fig. 1 — 3.

Figure 1 — An example of successful facade thermal
modernization
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Figure 2 — Building in Starobelsk
a — the state of unfinished construction;
b — a fragment of the destroyed layer
of mineral wool mats

Figure 3 - Building in Rubizhne
a — a fragment of the wall;
b — a fragment of the facade with areas
of complete destruction of mineral wool mats.
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According to the totality of building typological fea-
tures, these are houses with bearing walls made of
bricks, floors made of precast concrete elements, me-
dium-rise and multi-storey. The houses have a con-
structive margin of safety, the modernization possibil-
ity without interfering with the constructive system,
and, under the conditions of correct design decisions
and work, the continuation of normal operation is guar-
anteed for the design period. Due to the work termina-
tion, the temperature and humidity conditions of the
outer walls change dramatically and deteriorate. The
changes have negative consequences for both the envi-
ronment and the state of structures and the physical pa-
rameters of the interior. There is a multifactorial threat
to human health.

The mineral wool mats that are not protected from the
side of the facade, are saturated with moisture - atmos-
pheric or capillary, which contributes to the soaking of
the wall material. For silicate bricks, humidification is
unacceptable, since it impairs the physical and mechan-
ical characteristics. Silicate brick has a water absorp-
tion of about 13% and average frost resistance of 35 cy-
cles. In a humid state, the heat-shielding properties of
the wall significantly deteriorate. In winter, the dew
point moves to the inner edge of the wall. Regular mois-
ture saturation promotes the accumulation of salts,
mold and mildew multiply. Degradation of structures
occurs. Instead of a positive effect, an artificial struc-
ture appears, almost the only function of which is to
moisten the wall. The issue of the influence of moisture
on the heat-shielding properties of the material of the
enclosing structures (external walls) has been studied
quite qualitatively. General recommendations are that
moisture in external wall structures is harmful, its vol-
ume and presence should be minimized, the operating
mode of structures should provide for the possibility of
drying and removing moisture. A classic example is a
horizontal waterproofing of two layers of roll material
on the top of the plinth to stop the penetration of capil-
lary moisture.

The presence of moisture contributes to the accumu-
lation of mineral salts, the adhesion of the brick to the
mortar of the masonry joints deteriorates, and the ma-
sonry joints thaw out. Internal moisture in the indoor
air condenses on the walls, flows down, saturates the
layers of plaster, wallpaper, lingers in the cracks of the
baseboard, floor. The processes become especially in-
tensive in winter. A situational solution is to provide
intensive air exchange, drying and air conditioning of
premises, surface heating of walls, application of UFO.
As a vivid analogy, an example can be taken - a winter
fur coat must be wetted before dressing.

The second group of negative influence factors con-
cerns the environment. A layer of mineral wool mats
that do not have mechanical protection is destroyed as
a result of atmospheric and climatic actions. Water is a
unique compound, it has three-phase transformations,
it is consistently present in the form of liquid, vapor,
ice. The sun's rays and winds increase the effect of
moisture. The fiber structure of mineral mats breaks
down and a large number of small particles are formed.

A large amount of mineral dust gets into the environ-
ment, which poses a threat to the health of the residents
of the quarter. The process is continuous - that is, the
negative impact becomes systemic. The residents of the
site are even more vulnerable. Typically, the ventilation
system is used for supply and exhaust with the natural
draft. Air enters the room through cracks and leaks due
to infiltration. Mineral dust penetrates the air.

During the performance of insulation work, builders
use personal protective equipment - respirators, over-
alls, goggles, rubberized gloves. Failure to comply with
safety and safety regulations can cause respiratory tract
damage, eye irritation and conjunctivitis. With pro-
longed exposure, the development of oncological dis-
eases of the human lungs is possible. The most danger-
ous are mineral wool fibers up to 3 microns thick and
up to 5 microns long. The impact on the environment
from mineral wool mats that passively collapse on the
walls has not been fully studied, however, one can only
discuss the degree of harmfulness of the impact - low,
medium, moderate. The situation is complicated by the
fact that it is practically impossible to dismantle min-
eral wool slabs without damaging the environment.
The current legislation contains a number of require-
ments limiting and prohibiting environmental pollu-
tion. According to the provisions of DBN “10.1, the
general contractor for the construction organization
must obtain permission to perform construction and in-
stallation works from the local authorities at the con-
struction site. To do this, she submits a copy of the pos-
itive conclusion of the state environmental examination
of the documentation on which the facility will be built
(if it refers to the List of activities and facilities posing
an increased environmental hazard approved by the
Cabinet of Ministers of Ukraine), as well as a plan for
implementing measures to ensure environmental pro-
tection in the process of building the facility and carry-
ing out commissioning works in accordance with the
requirements of the environmental legislation of
Ukraine and the provisions of the specified conclusion
of the state environmental examination. 10.2 Construc-
tion and installation works for the construction of any
facilities must be carried out in compliance with the re-
quirements of environmental legislation and ensure ef-
fective protection of the environment (land, subsoil,
water bodies, atmospheric air, flora and fauna) from
pollution and damage. Measures to ensure this should
be provided for in the design estimates and organiza-
tional and technological documentation. 10.7 Construc-
tion and installation work in residential areas must be
carried out in compliance with the requirements for the
prevention of dust formation and air pollution.
When collecting waste and garbage, it is not allowed to
dump them from buildings and structures without the
use of closed trays and storage bins” [13].

For violation of legislation, state building codes, lia-
bility is provided.
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The Civil Code of Ukraine defines the guarantees of
the work quality (Article 859). The Criminal Code pro-
vides for liability in case of - Art. 275 Violation of the
rules regarding the safe use of industrial products or the
safe operation of buildings and structures - Violations
during the development, design, manufacture or storage
of industrial products of the rules regarding their safe
use, as well as violation of the rules regarding the safe
operation of buildings and structures during the design
or construction, by a person obliged to comply with the
following rules, if this has created a threat of death of
people or the occurrence of other grave consequences
or caused harm to the health of the victim. Liability is
also provided for in the event of a violation of the nor-
mal functioning of the housing stock - Criminal Code
of Art. 270-1. Intentional destruction or damage to ob-
jects of housing and communal services. 1. Intentional
destruction or damage to housing and communal ser-
vices facilities, if this has led or could have led to the
impossibility of operation, disruption of the normal
functioning of such facilities, resulting in danger to life
or health of people, or property damage on a large scale.

It is impossible to ignore such, frequent cases.
T. Maslow's pyramid defines the basic needs of human-
kind, and the second is general security. You can ob-
serve the nature of the transformation of this concept in
human civilization. [9,14]. Primitive man chose a cave
for protection, in which he kindled a fire. A house with
a fence was supposed to protect from predators and at-
tacks. The history of the development of cities is a fas-
cinating story of the improvement of fortifications —
walls, towers, fortresses. The formation of nation-states
shifted the defense against external attack to the border-
line and contributed to the emergence of police struc-
tures - as law enforcement agencies. The competition
of political systems has formed block associations that
create an international system of protection, deterrence
and resistance. Humanity no longer needs protection
from predatory animals. The very nature of threats is
changing. Natural or man-made disasters cause casual-
ties comparable to those of the wars of the ancient era.
Epidemiological problems are not the subject of our ar-
ticle. However, humanity has recognized the threats of
the nano and micro levels. The harmful effects of as-
bestos were not immediately recognized. However, the
link between the onset of cancer and the use of asbestos
has now been proven. Secondhand smoke is recognized
as harmful to the average person. Smoking in public
places is limited and administratively punishable.

An unfinished bridge is worse than an unfinished
bridge - building wisdom. Some unfinished facilities
constitute a suspended threat with a deteriorating effect.
For the cases under consideration, it is obvious that the
houses have been damaged, the conditions for their
functioning and operation have deteriorated, and
sources of harmful emissions into the environment
have been created. It is noteworthy that the implemen-
tation of the reconstruction project has a considerable

cost and the influence of time only worsens the situa-
tion, that is, the problem will not be solved by itself.
For the unsatisfactory ecology of the region, there are
no such cases of a systemic threat. However, the ques-
tion remains as to how long the residents will remain
tolerant to the problem.

The negative consequences are due to organizational
miscalculations. Relatively speaking, half of a fully
completed facade for the same money would not create
problems. Construction could be completed upon re-
newal of funding.

Taking into account the seasonal nature of construc-
tion, the specifics of financing and the terms of the con-
tract, it is advisable to introduce the principle according
to which a separate wall (or section of a wall) must be
completed in one calendar month of the construction
cycle.

Using the dependence of the definition of the con-
struction time for rhythmic flows

T=k(n+m-1). (1)

It is possible to determine the number of divisions.

Typological features of buildings with bearing walls
made of bricks determine the approximate width of the
building 15-21 m. and a regular structure in height. So
the minimum size of the division can be equal to the
size (area) of the end wall.

Conclusions

The systematization of unfinished objects, the com-
pleted analysis indicates that the negative consequences
of the reconstruction occur in the event of design errors,
violation of the work execution technology and as a re-
sult of organizational miscalculations. In fact, the cor-
rect design solution is not implemented, it causes a de-
terioration in the general condition of the building
structures, operating conditions, and internal parame-
ters of the indoor microclimate. The negative impact of
unfinished construction only increases over time.

Negative consequences occur for the environment —
environmental pollution, and the structures of the build-
ing and the residents of the facility. The processes of
degradation of external walls are accelerated, the mi-
croclimate of the premises is deteriorating.

Organizational and construction mistakes are of a
long-term complex nature and cannot be corrected.
The technical problem turns into an administrative and
legal one. The task is to propose organizational and
technological measures that would make such cases im-
possible in the future. It is proposed to carry out the
work by an integrated method, within a certain section
of the wall to complete the facade work completely.
Advance financing should be closely aligned with the
project workflow. In the work contract, prescribe the
condition for the complex installation of facade sys-
tems within a certain cell (part of the facade).
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MojaenroBaHHS BUPOOHMYOTO NPoIleCy
METO/I0M MAKCHMAJIbHOI0 30JIMsKEeHHS POOiT
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12,3 TTonraBchKuii HALiOHAILHKI TeXHIYHMI yHiBepcuTeT iMeni FOpis Konapartioka
*Anpeca s muctyBanHs E-mail: eugeny1210@gmail.com

Mero10 CTaTTi € pO3pOOJICHHS PO3PAXYHKOBHX CXEM B3a€MO3B’SI3KiB MiXK pOOOTaMH, SIKi JO3BOJIATH BUKOHYBATH ITaHYBaHHS
BUPOOHUYOTO NPOLECY METOIOM MaKCUMAaJIbHOTO 30JIHKEHHS POOIT, Ta OTPUMaHHS 3aJISKHOCTEH U1 pO3paxyHKy IapaMeTpiB
4yacy BUKOHAHHS POOIT; po3po0IIeHHsI METOMKH PO3PaxyHKyY MMapaMeTpiB 4acy BUKOHAHHs POOIT METOIOM iX MaKCHMaJIbHOTO
30JIM)KCHHS, a TaKOXK NOOY/10Ba KaJICHIAPHOTO IUIaHY i3 3a3HaYEHHSAM KPUTHYHOTO LUIIXy. BusBieHo, 10 pi3HOMaHITTS B3ae-
MO3B’sI3KiB MiJK poO0TaMu 3BOAUTHCS 10 TPHOX BUIIIB: MOCIIIOBHE, ITapaielibHe i M0CiiJOBHO-IapajieibHe BAKOHAHHS POOiT.
IlepeTBOpeHHs IMX BiIOMHX B3a€MO3B’SI3KIB Ha PO3pPaxXyHKOBI CXEMHU JO3BOJISIE CTBOPUTH NPHUHIUIIOBO HOBY MaTeMaTHUHY
MOJIeJb IIJIAHYBaHH BUKOHAHHS pOOiT. 3aIporIOHOBaHI CXEMH JAI0Th 3MOT'Y BIIMOBUTHCS BiJl 5)KOPCTKHX IMPOCTOPOBHX 3aXBa-
TOK IIpH OpraHi3amii IToCIiJOBHO-IapajIeNbHOr0 BUKOHAHHS poOiT. MeTo MakCHMaJILHOTO 30JMKEHHS poOiT SBIIsE€ c000I0
HOBY aHAJITHYHY MOJEJb ITAHYBAaHHS BHPOOHUNTBA 3 HAOYHHM BiJOOpaXKEHHSAM OpraHi3alifHUX 1 TEXHOJOTIYHUX B3ae-
MO3B’s13KiB poOiT. Po3pobiiennii MeToa Hagae MOXKIIMBICTh MPOCTILLE MEPEXOANTH BiJ] aHATITHYHOTO MOJCIIOBAHHS 10 rpadi-
YHUX KaJeHIapHUX rpadikiB. MeTo MakCHMalibHOTO 30JIMKeHHsI pOOIT JIETKO MiAAA€THCs aBTOMATH3aLi1 004HCIIeHb 3a A0TI0-
MOTOI0 EJIEKTPOHHO-00YHCITIOBATIBHOI TEXHIKH, a TAKOXK aBToMartu3aLii rpadidnoi nodynosu. Lle no3Bossie Oinbin eheKTHBHO
BUKOHYBATH ONTHMI3allil0 IJIaHyBaHHS BUPOOHMITBA (SIK 32 TPUBAIICTIO, IPUBOJLIYH 11 10 TMPEKTHBHOI, TaK 1 3a pecypcamu),
CBOEYAaCHO BPAaXOBYBATH 3MiHM BUpOOHHYNX oOcTaBuH. Takuii MeTox Jae 3Mory OpaTH 0 yBark opraHi3amiifHi if TeXHOIOTIdHI
00MeKEHHSI, IPH [[bOMY BHKJIIOYAIOYH IIPOCTOI OpHraj, M0 BUKOHYIOTH POOOTH. 3alIpONOHOBAHI PO3PaxyHKOBI CXEMH Ta 3a-
JIEXKHOCTI JUIS1 BU3HAYCHHS [TapaMeTpiB 4acy JO3BOJIIIOTH OXOINTH BCE PI3HOMAHITTSI B3a€MO3B’SI3KIB POOIT (IOCIIiIOBHE, Ta-
paienbHe, TOCTiIOBHO-NapajebHe BUKOHAHHS pO0iT)

Kirouogi ciioBa: MmaTemaTiHyHe MO/ICTIOBAHHS BAPOOHHLITBA, METO MAKCUMAJIBHOTO 30JIMKEHHS POOIT, pO3paxyHKOBI CXEMH,
PO3paxyHOK MapaMeTpiB Yyacy BUKOHAHHSI BUPOOHHYIHX HPOLECIB, KaJICHIApHUA Tpadik
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Introduction

Modern industrial production, which combines a
large number of contractors with complex and diverse
relationships between them when executing work on a
joint project, is impossible without flexible and timely
planning. Such planning is possible only on the basis of
application of the works organization calculated meth-
ods. In addition, the management of modern production
is characterized by a multitude of solutions, the choice
of the best due to the variety and complexity of tech-
nologies is not an easy task. The solution to this prob-
lem is possible through the use of economic and math-
ematical methods for modeling the production process
and computer. Thus, developing a management model
that would most adequately reflect the main features of
the production process and be amenable to automated
calculation, would be easy to use and enable the visu-
alization of results, is an urgent task.

Review of the research sources and publications

Today there are many methods of planning the pro-
duction process, each of which is characterized by its
positive and negative qualities, quite widely covered in
the literature [1 — 13]. Models that have become widely
used in the planning of production processes in con-
struction include Gantt charts, various network models,
matrix models. In most cases, these mathematical mod-
els are ultimately interpreted into graphical calendar
models that are close in structure to linear graphs.
Along with the positive qualities that make it possible
to use these methods, they have some disadvantages.
Thus, the disadvantages of Gantt charts [4, 6] include
the lack of clearly illustrated relationships between
work, the inflexibility and rigidity of the chart structure,
the complexity of its adjusting, the complexity of vari-
ant processing, the inability to use computing to auto-
mate calculations. The disadvantages of network mod-
eling include the lack of the production processes dis-
play clarity, the complexity of the structure, especially
in the serial-parallel execution of works, high complex-
ity of calculations. The main disadvantage of matrix
modeling is the need to separate objects into rigid spa-
tial captures. Therefore, the existence of serious short-
comings in existing planning methods make research in
this area relevant.

Definition of unsolved aspects of the problem

Despite the large amount of work devoted to this
problem, a method of modeling the production process,
which adequately reproduced the main features of the
production process and made it possible to automate the
calculations, was easy to use and made it possible to
clearly visualize the results of modeling, is not pro-
posed.

Problem statement

The purpose of the article is to develop computational
diagrams of relationships between works that will al-
low planning of the production process by the method
of works maximum approximation, and to obtain de-
pendencies for the calculation of the work execution

time parameters. Development of a method for calcu-
lating the work execution time parameters by the
method of their maximum approximation, as well as the
construction of a calendar plan indicating the critical
path.

Main material

Based on the analysis of the relationships of works
that are characterized the construction industry [4, 6],
their diversity can be reduced to three ways of linking
works in time: this is a serial, parallel and serial-parallel
execution of work. Technological and organizational
peculiarities of process execution make demands for
time lag of one work from another on the minimum ac-
ceptable technological or organizational break. Such
interconnections of work, taking into account organiza-
tional and technological breaks, make it possible to
bring their execution as close as possible to serial-par-
allel execution without splitting the object into cap-
tures. As a result, the paper offers computational dia-
grams that allow you to simulate these three ways of
linking work in time and to calculate the work execu-
tion time parameters using the maximum approxima-
tion method.

The first design scheme 1. Serial execution of works
(Fig. 1). The serial execution of works is planned in the
case when the full completion of the previous work is
required to start the next work, and a time gap is possi-
ble between them.

T i

Ir..l:| i

Figure 1 — Design scheme of works serial execu-
tion

The strength of concrete is obtained after the work of
concreting the foundation for the equipment.
Then the equipment installation work is carried out.
The completion of a previous job is associated with the
beginning of the next job in the serial work execution
of. The calculation of time parameters when using such
a scheme is performed according to the following de-
pendencies:

eb ee

1, =t 4T, (1)
b )

tier =ty + Do s )

le _ b

ti =ty —Tg; 3)

=gl 4)

where tfb — late beginning of work i;
t{¢ — early ending of work i;

ti[e — late ending of work i,

tlef , —early beginning of work i+1;
t lli ; — late beginning of work i+1;
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t;,; —early ending of work i+1;

T: — duration of work i;

T;.; — duration of work i+1;

Ty — the minimum allowable gap time between works.

The second design scheme 2a, 2b. Parallel works ex-
ecution (Fig. 2-3). Work is carried out independently of
each other in parallel execution. However, it may be
necessary to link the beginnings or endings of work.

4 i
I
! ? L possible ending of
———i work i+
R
Crora— i — I . .
gr vt

Figure 2 — Design scheme 2a
of parallel works execution
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Figure 3 — Design scheme 2b
of parallel works execution

For example, electricians should start work on laying
electricity before plasterers; the break between works
should provide the front of the plastering work through-
out the site. In the future, electricians and plasterers do
their jobs independently, ending one job affects the
ending of another. Painting and sanitary works can be
carried out in parallel and independently. In terms of
the interrelationship of these works, their beginnings
are not interconnected, but the finishing of the painting
works should be later than the sanitary works with such
a gap in time between their endings, which allows the
painters to complete the final painting of the sanitary
fixtures and communications. The time parameters
when using Scheme 2a, that is, when work is related to
beginnings, are defined as follows:

eb _ ,eb .

L=t +Tg; (5)

b _ b

ti =ty Tg, (6)
where tfb — early beginning of work i.

In the case of combinations of works with finishes,
the time parameters are defined as follows:
ce ee
L, =t + 7;; @)

i+l

te =t T, 8)

1

where ¢ — late ending of work i+1.
i+1

The third design scheme 3a, 3b. Serial-parallel works
execution (Figs. 4, 5). Serial-parallel works execution
implies a constant lag of the next job from the previous
one for a certain time, which cannot be less than the

minimum allowable gap between the works. The mini-
mum acceptable interval is taken depending on the re-
quirements of safety or work technology. For example,
between the soil excavator and the completion of a soil
manually, such a gap in time is required, which guaran-
tees a safe distance between the excavator and the
workers. Between the plastering and painting works
take the technologically necessary gap in time, which
ensures the plaster will dry up before the painting works
begin. In order to ensure a minimum allowable time gap
between the works during their serial-parallel execu-
tion, it is necessary to observe this gap throughout the
work execution (both at the beginning and at the end).

Depending on the ratio of the previous and subse-
quent works duration, it is possible to establish the need
to introduce a gap between the beginnings (scheme 3a)
or the endings of works (scheme 3b).

If the duration of the next work is greater than or
equal to the previous one, then the delay of the next
work beginning from the previous one to the minimum
permissible gap guarantees at least a delay during the
whole time of their joint execution (scheme 3a, Fig. 4).

If the duration of the next job is less than or equal to
the duration of the previous one, then to guarantee the
delay of the next job from the previous one during the
whole time of their execution by the value of the mini-
mum gap, a sufficient delay of their endings by the min-
imum acceptable gap (scheme 3b, Fig. 5).

Figure 4 — Design scheme 3a
of serial-parallel works execution

| [
| T ; |
possible beginning nr",,,h/F d

work i/ b

Figure 5 — Design scheme 3b
of serial-parallel works execution

When using serial-parallel works execution schemes,
the calculation of time parameters is performed by de-
pendencies (5, 6, for scheme 3a) and (7, 8, scheme 3b).

In order to start calculating time parameters, it is nec-
essary to have an organizational and technological
scheme of work. It is proposed to draw up such a
scheme in the form of a table (Table 1) using the fol-
lowing design schemes. The works are separated by the
minimum possible permissible gaps in the development
of organizational and technological scheme. The works
are entered in the table in the order of their execution.
The work code is its serial number. At the same time,
the work duration graph is filled. Then each work is
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considered in relation to previous works, as a result of
the analysis the codes of the previous works and the
numbers of the design schemes are filled. If the work
under consideration is related to several previous
works, then the design scheme of relationship and the
gap between each of them are indicated. The value of
the minimum permissible gap between the works is
taken from the conditions of the lag during the techno-
logical or organizational break or by the requirements
of the backlog in space. The justification for the need
to enter the work gap is indicated in the last column of
the table.

Calculation of time parameters is proposed to be per-
formed in tabular form (Table 2) according to the given
design dependencies. The spreadsheet consists of two
parts: the left one, which describes the organizational

and technological interrelationships of the works, and
the right one, in which the parameters of the works ex-
ecution time are calculated. First, the left part of the ta-
ble is filled, the data for which is received in accordance
with the organizational and technological scheme (ta-
ble 1).

The calculation starts with the determination of the
early parameters. The calculation is performed for each
job, moving from work to work from top to bottom.
The calculations use dependencies that correspond to
the design diagrams of the relationship between the
works. If the work in question is related to several jobs,
then the early parameters maximum values calculated
for that work are taken into account for the determina-
tion of this work execution time parameters.

Table 1 — Organizational and technological scheme of works execution

> 3 Accepted link between works £ £
= 2 ; ; =9 o, . .
2 2 o Serial Parallel Serial-parallel S S Justification of
«| The name of the | & -4 g g 5 the gaps be-
1S o o E-B B-B E-E B-B E-E g5 2 s 2
° work S 3 - E 3 = tween the
§ 8 Number of the design scheme 2 o g = works
S 1 2a 2b 3a 3b = =
1 Excavation pro- ) ) ) ) ) i ) 9 )
cesses
2 Concretlpg of 1 - - - + - 1 21 Safety norms
foundations
1 n ) i ) i 1 Mechanism
t iti
3 | Return backfill 12 ranstion
5 i ) n ) i 3 Formwork re-
moval
Concrete
. 2 - - - - + 1
4 Installation of 6 15 strength set
columns
4 3 - + - - - 2 Safety norms
Table 2 — Calculation of works execution time parameters
by the method of works maximum approximation
Crrganisational relationships Caleulation of time parameters
=
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After calculating the early parameters, the late param-
eters are determined. The calculation is carried out for
each work, moving from the bottom up. In the final
work, the early and late parameters are the same. The
calculation is based on the dependencies that corre-
spond to the calculation schemes. As there are several
references to the work in the following works, minimal
values are taken from the calculated parameters for
each reference of the works execution time.

After calculating the early and late parameters of the
works execution time, time reserves are determined.
They are calculated as the difference between late and
early parameters.

According to the results of the execution time param-
eters calculating, the mathematical model of production
should be represented in graphical form. Graphic rep-
resentation of the mathematical model allows to present
it in a clearer form, to attach the works execution to the

calendar basis, which in turn makes it possible to plan
the provision of resources production and to control the
timely execution of planned works. The most visual
and convenient to use are linear calendar graphics. The
basis for drawing the calendar schedule is the forml,
which is given in [13].

The calculation of the production organization plan-
ning by the method of works maximum approximation
(table 2) makes it easy to translate it from analytical to
graphical form.

Construction of a linear graph is performed according
to early time parameters. Scale bar graphs indicate
work planed on early parameters, time gaps between
works, possible late endings of works, time reserves,
links between work, and the critical path of the sched-
ule. An example of constructing a linear graph is shown
in Fig. 6.

p Maonths
B Processes name Marth | April
E.'E 3 Working days
[2 4|6 |810{12/14]16]18120(22|24]26|28|30(32|34 36|38[40
I | Excavation processes
=
2 Conereting of PI' i

foundations

o I | N
"I i 2

3 | Return back il

4 | Installation of columns

T T e T T T L T

- i
=

Conventional signs:

~ process;
— process on critical path;
- Bap;

ol

m - gap on critical path;

time reserve:

T= 1w, m8:0 =8 — sings of gaps and time reserves

Figure 6 — Linear calendar chart based on the calculation results

Conclusions

It is known that all the diversity of relationships be-
tween jobs comes in three types: serial, parallel, and se-
rial-parallel works execution. The transformation of
these known relationships into computational schemes
allows us to create a fundamentally new mathematical
model of work scheduling. The proposed schemes al-
low to avoid rigid spatial engagements when organiz-
ing serial-parallel works execution. Replacing the work
lags in space by the lags in time makes it possible to
naturally take into account the technological and organ-
izational gaps between works in the time parameters
calculations, which in turn allows us to maximize
closeness of the works execution between works.

The method of works maximum approximation is a
new analytical model of production planning with a vis-
ual representation of the organizational and technolog-

ical interconnections of the work. It allows you to de-
velop the positive qualities of previous models and to
some extent eliminate their negative properties. The de-
veloped method makes it easy to move from analytical
modeling to graphical calendar graphs. The method of
works maximum approximation is easily subjected to
automation of calculations by means of electronic com-
puting, as well as automation of graphical construction.
This makes it possible to optimize production planning
more efficiently (both in terms of duration, leading to
policy and resources), and to take into account changes
in production circumstances in a timely manner.
The developed method allows to take into account or-
ganizational and technological constraints, while ex-
cluding simple brigades performing the works.
The proposed calculation schemes and time-dependen-
cies allow us to capture the full range of work relation-
ships (serial, parallel, serial-parallel works execution).
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BuBYeHO MOXKITMBOCTI 3aCTOCYBaHHS MPOEKTHOI CHCTEMOJIOTI] B 3a1auaX IUIaHYBAHHS i yIpaBlIiHHS iHBECTULIHHO-0yIiBeb-
HOIO JiSUTHHICTIO 3 OI[IHIOBAHHSM SIKOCTI IPUHHSTTS Pi3HUX BHUAIB IHKCHEPHUX pillIeHb Ha 0a3i eKCIEepPTHUX CHCTEM OpraHiza-
LiHO-TEXHOJIOTTYHOTO NPOEKTYBaHHs. BHBUYCHHS [[OTO MPOOIEMHOIO HAIPSMY J03BOJUTH PO3POOISATH HAYKOBI IIPUHLHIIH,
METO/IOJIOTIUHI TIOJIOKCHHS 1 IPaKTHYHI OCHOBH CTBOPECHHS i BUKOPHCTAHHS EKCIEPTHUX CHCTEM 3 METOIO MiJBUILICHHS ede-
KTHUBHOCTI Ta OLIHIOBAHHS SIKOCTI IHDKUHIPHHTY B XOJIi IPOEKTYBAHHS 1 YIPaBIiHHS IHBECTHUI[IHHO-OYXiBEIbHUMH IIPOCKTAMH.
V mporeci npoBeAeHUXK JOCIIHKEHb PO3MISIHYTO NPOOIEMH 3aCTOCYBAaHHS €KCIIEPTHUX CHCTEM AJIs OpraHi3aliifHO-TeXHOIIO0-
TiYHOTO NPOEKTYBAHHS 1HBECTHLIHHO-0yIiBeJIbHOrO BUPOOHHUIITBA; BU3HAYCHO MIPEAMETHI rajty3i 3HaHb KOMIICKCHOTO 1HXKH-
HIPUHTY LIOA0 PO3POOJICHHS EKCIIEPTHUX CUCTEM UIS MirOTOBKU IHBECTULIIHHO-0Y/AiBEIbHOTO BUPOOHHUIITBA Ta YIPABIIHHSI
HNpO€eKTaMu; c(HOPMYIILOBAHO TPUHIMIK i MOXIIMBOCTI OL[IHIOBaHHSI SIKOCTI IPUUHSTTS 1H)KEHEPHUX DIllleHb 1 IHTENeKTyali-
3amii QyHKIiN eKOHOMIYHOTO aHaNi3y, IUTAHYBaHHS Ta yIPABIIiHHS 1HBECTHIIIHO-0y/1iBETbHIMU MPOEKTAMH; 3aIIPOIIOHOBAHO
METOJIMKA 1 IPUHIIAIH TOOYIOBU EKCIIEPTHUX CHCTEM Ha OCHOBI METOJIiB HAYKOBO-1H)KEHEPHOTO CYIPOBOY hopMyBaHHS 0a3
3HaHb i fanux. Cepel] NepIIoYeproBUX HAIPSMIB MOAAIBIINX TOCITIIKEHb 0OpaHO MOXKJIUBOCTI PO3B’SI3aHHS THX «CTHKOBHX
3aBIaHb, SKi € BU3HAYAJLHUMU JUIS peaizalii CHCTeMHU «IIpOoeKT — 00'ekTa OyJiBHUITBa»: PO3IOALUT OOCSTIB IHBECTHIIIH Ta
POOIT MiX yJYaCHHKaMH 1HBECTULIHHO-OyAiBeIbHOT MisUTBHOCTI, TEXHIKO-SKOHOMIYHE O0IpYHTYBaHHs e()eKTUBHOCTI iHBECTH-
i i TeXHIKO-EeKOHOMIYHOTO OOIPYHTYBAHHS POEKTY, CKIaaHHs TEXHIYHOTO 3aBJaHHs HA MPOEKTYBaHHs 00'€kTa OyAiBHH-
LTBa, IPOEKTYBaHHS METO/IB i 3ac00iB OyIiBHULITBA, EKCILUTyaTaLlil Ta peHOBALlI/ Ha eTarax i CTajisX )KUTTEBOTO LUKy CHC-
TEMH «IPOEKT — 00'ekTa OyAiBHULTBA», IPUUHSITTS paliOHATBHUX IHTETPOBAHUX PILlIEHb 3 MOHTAXY TEXHOJIOTT4HOT Ta Oymi-
BEJILHOT YaCTHH MPOEKTY, MOHITOPHHT €KCIUTyaTamii if peHoBallil CHCTEMH «IIPOEKT — 00'ekTa Oy iBHHUIITBAY.

KnrouoBi coBa: iHBeCcTHUIIHHO-OYAiBeNIbHI IMPOEKTH, €KCIIEPTHI CHCTEMH OpraHi3amiifHO-TEXHOJIOTIYHOTO MPOEKTYBAHHS,
MPOEKTHA CHCTEMOJIOT s, KOMIUICKCHHH IH)KUHIPUHT 0a3 3HAHb 1 JaHUX
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Introduction

The design systematology in planning and manage-
ment of the investment-construction activity (ICA) pro-
jects together with the different engineering decisions
making a quality assessment based on the expert sys-
tems for the organizational and technological design
(ES-OTD) are considered as one of the challenging di-
rections. They allow developing the scientific princi-
ples, methodological provisions, and practical founda-
tions for the expert systems creation and use in order to
increase the efficiency and upgrade the quality of engi-
neering in designing and managing the ICA projects
[1,2].

The studies have established that 50% of the research
and technical development tasks, as well as over 70%
of the organizational and technological preparation
tasks and the ICA, projects engineering and legal sup-
port, engineering field regardless, require the heuristic
procedures use, symbolic coding methods, symbolic
logic. More requirements are the professional qualita-
tive evaluation involvement of the experience, as well
as the highly qualified experts knowledge in the inte-
grated engineering services related to developing and
making different types of engineering and economic
decisions (Fig. 1) [2, 5 ].

Types of Engineering (functional areas)
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Organization

Designing

Constructing

Research

Planning

Technology
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i Expertise
E Other types

Information and energy process (IEP), the solutions
development in engineering

™

T
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[

“Translate” mode

|

DEVELOPMENT (creation and
preparation) of one of the options
for an engineering solution

[

COORDINATION (discussion and
approval) of the final
engineering solution

ENGINEERING DECISIONS MAKING: (ED) -
an agreed information message about an object (subject or process)

Unstructuring ‘

‘ Structuring

v

Dictionaries of structural Alphabet of structural
units ED units ED

v E

Formalized ED modules (ED “text”)

Figure 1 — Engineering decision making in the ICA project systemology

Among the main reasons for this phenomenon, it
should be mentioned first of all: it is difficult to formal-
ize the «butt» tasks nature of the investment-construct-
ing projects (ICP) macro- and micro-designing and
management; as well as unpredictability and uncer-
tainty of many external environment factors affecting
the ICA life cycle dynamics. Secondly, the existing
market economy regulatory and legal framework struc-
ture is cumbersome and complex (contradictory); its
many years of attempts to harmonize with EU stand-
ards. Moreover, the inadequacy of the logic mathemat-
ical and axiomatic methods and models to the real con-
ditions and principles of the project - construction ob-
ject (P-CO) general integrated engineering and man-
agement organizational forms in their full life cycle de-
velopment [5, 6]. (Figure 2).

The current situation analysis allows concluding the
timeliness and necessity of domestic and foreign expe-
rience generalization and systematization in terms of
the developing system approaches, updating methods
and tools of the expert systems that use information
knowledge and procedures for solving poorly formal-
ized general ICP engineering problems. Therefore, the
expert systems (ES-OTD) formation funds utilization
methodology, which is capable to accumulate, store and
purposefully transform information, “derive” new
knowledge from the existing, generalize and systema-
tize the experience, self-study, and adapt to engineering
changing conditions is an urgent problem, both in the
design and its implementation in the ICA projects man-
agement.
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Pre-investment preparation (idea, plot) and substantiation of the process of making
effective investment decisions when creating and implementing the project (CIP)
(Feasibility study of investment and project efficiency)

Methods and models of design and decision-making in the
Systemic management of risk and insurance changes:
cancelation, prevention and control of the conditions,
structure and sources of financing, types of insurance, etc.
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of the ICA functional system
Figure 2 — Functional diagram of the “butt” ICA groups tasks
(in the context of the design solidity concept, rationality
and constructivism of scientific and engineering
decision-making and the project behaviour control)
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Review of the research sources and publications

The ICA project systematology field as well as the
general engineering P-CO field is under active study on
creating and improving methods and expert system-
program that operates not with the algorithms, digits,
and formulas but uses language logic, semantic struc-
tures, and symbols that simulate human behavior, using

knowledge and inference procedures to solve poorly
formalized problems. Expert system methods typically
use a logic-linguistic model (fig. 3) and its interface has
two main functions: to provide advice and explanations
to the user and to manage the knowledge acquisition.
[2,3,6,5,8].

ICA integrated project knowledge base

Solution Module

Study subject
Demands Module
Information Repository Calculated value
Knowledge for FSI, TEI, TEC FSI, TEI, TEC
acquisition block . -
Criteria, properties, -
explanations, NI
logical relations .
Elock of Congruo-quali-
re Iesicsh?nent Regulatory and reference econometric
ang adjustment information, which chargctenstm;
of knowledge includes basic FSI, TEI of project quality
4 Project quality
assessment methods
A
i T Block of tips
The mechanism of logical inference and
CTTTTTTTTTT » T explanations
: 1
N S » User interface
|

Training tools

D

Help tools

Figure 3 — The structural diagram of the ES-OTP management
for quality assessment of innovative ICP integrated engineering models:
feasibility study for investment (fsi); technical and economic indicators (tei);
technical and economic calculations (TEC)

The paper considered the conclusions of the analyti-
cal paper of the scientific school leading specialists
V. Glushkov, A. Gusakov, N. Ilyin, Yu. Bogomolov,
J. Jones, E. Zavadskas and other scientists and special-
ists of the domestic and foreign system engineers
schools for the expert systems in management and con-
struction. It can be assumed that a unified approach has
not yet been developed to a comprehensive quality as-
sessment of the ES-OTP creation and implementation,
and engineering and managerial decisions making in
the project engineering support. [1, 2, 5, 7].

Definition of unsolved aspects of the problem

The purpose of such an assessment may be one of the
project product management (PPM) parameters num-
ber: meeting consumer demand for the products that
meet the world standards innovative level; the project
viability; introduction of the technologies and equip-
ment advanced systems to ensure the production; accel-

eration of the object commissioning and capacities de-
velopment; compliance with all resources types the
strictest economy; maintaining the ecological balance,
etc.

Problem statement — to analyze the challenges using
the expert systems for ICA organizational-technical de-
signing and project management. To propose the con-
cept, methodology, and principles to construct ES-OTD
(content and structure), based on the methods of re-
search-technical support for the creation of the
knowledge database. To justify the approaches regard-
ing the general scientific engineering tasks related to
creating and making (selecting) a decision from a vari-
ety of alternative options using knowledge and data-
bases, both aiming in increasing the design products
competitiveness and quality, and performing other
works that determine the composition of engineering
support throughout the ICA life cycle.
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Basic material and results

The informational research results have shown that
scientific- technical and engineering support for P-CO
in the ICA system, as a rule, is a “butt” task solution of
the project systematology problems. They could occur
on different steps and stages of the life cycle (designing
— construction — exploitation — renovation - decommis-
sioning and disposal) with the error minimum risk in
uncertain terms that are not regulated by existing rules
and standards, or due to a lack of sufficient experience
or direct analogs in domestic or global practice.

At the same time, complex scientific, technical, and
engineering support, as a service set, includes both con-
sulting and technological, as well as construction engi-
neering. That is why designing is considered as the
main methodological link in providing engineering
support, the results of which ultimately determine, ac-
cording to the Multi-Criteria Assessment, the invest-
ments and innovations effectiveness in general (both at
the macro and micro levels). This is because the imple-
mentation of technical, organizational, technological,
managerial, and economic project conditions - con-
struction object operation goes through the multi-crite-
ria quality assessment of the comprehensive engineer-
ing design solution in the full life cycle of ICP.

That is why the methodology development for the ex-
pert systems based on the general engineering
knowledge database is one of the prioritized research
streams in the ICA global practice. The typical ES-OTP
(Fig. 3) has the structure that consists, as a rule, of such
basic components as a solver (logical-semantic infer-
ence mechanism); the database (operational memory);
knowledge database; knowledge acquisition tools; ex-
planations, and dialog interface [1, 2, 5, 6]. The expert
system core should be the engineering knowledge and
database, which should be accumulated in the construc-
tion process.

The basic principles and technology of building ES-
OTP require the creator interaction — “knowledge engi-
neer” and experts in and experts in the ICA project sys-
temology subject area. The main task of the
“knowledge engineer” is to choose the particular type
and sort the knowledge presentation form of engineer-
ing activity and decision-making strategy (Fig. 4).

There are two main approaches to solving problems
related to justification and decision-making using
knowledge bases: 1) ready-made solution selection
from an alternatives (options) variety embedded in the
knowledge base; 2) solutions formation for individual
components that are stored in the knowledge base. At
the same time, three types of solution strategy options
are methodologically distinguished: direct reasoning

(direct inference) chain, reverse inference, and mixed-
initiative.

At the same time, conceptually, the technology for the
ES-OTP development should include the following
main stages:

1. Identification — defining the problem and choosing
the ES-OTP subject area engineering activities types.

2. Conceptualization - ES-OTP structure definition,
goals, hypotheses, solution strategy, components of
formation, software, and technology.

3. Formalization - defining the circle of experts, plan-
ning expertise, acquiring and presenting knowledge in
a formal symbolic form.

4. Testing — the ES prototype development, program
verification, logical and semantic consistency, and ef-
fectiveness of the conclusions.

5. Trial operation - checking the ES-OTP efficiency
in practice.

6. Improvement - ES-OTP adjustment based on the
results of trial operation and industrial (software) oper-
ation with the knowledge and data banks replenish-
ment, which include rules, data and criterion engineer-
ing models, and various organizational and technologi-
cal solutions aspects.

At the same time, the considered expert systems of
the project engineering (ES-OTP) can methodologi-
cally perform certain ICP functions:

- data interpretation to determine their meaning;

- technical and organizational-economic systems state
determination;

- system monitoring (including radiation and environ-
mental safety) or continuous interpretation of the pro-
ject data in real-time or in the ICP phase space;

- future development forecast based on modeling the
present and the past;

- activities planning and development to achieve the
set goals and its scientific and technical support;

- integrated design and construction of buildings and
structures in the full life cycle (creation - operation -
renovation - decommissioning and disposal);

- forensic construction and technical expertise
(FCTE) when investigating the accidents’ causes in
buildings and structures, their parts and elements.

The ES-OTP process is the user’s dialogue with the
computer system, where, in response to a question
posed by the software complex, the user has the oppor-
tunity to obtain expert advice or advice using the pro-
fessional experts' experience, stored in the database. It
is important to note that expert systems significantly re-
duce the complexity of the task by working with a
small, subject-limited human knowledge area.
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Organization of the hierarchical integrated functional system
of the multi-level designling of the investment-innovative
design-constructicn activities
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Figure 4 — An enlarged scheme of prescriptive (regulatory)
criterion-expert selection of evaluation in ES-OTP:

Kos, Ki, Kp, Kpm - self subordinate criteria in accordance with the generalized assessment of the innovative-
designing and investment-construction organization of the project and the design solution implementation;
Nos, Ni, Np, Npm — respectively evaluation criteria normative values;

Kpf, Kio, Kic, Kot, Kco — subsystems local criteria of the organizational and technological design system;
Npf, Nio, Nic, Not, Nco - local evaluation of local criteria.
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Conclusions

1. Due to the large number of self-operating ICA
member-organizations, as well as the “butt” tasks con-
siderable volume and complexity in the designing sys-
temology for the formation and the necessity of inte-
grated engineering and management decisions for the
preparation and engineering investment-construction
projects support are significantly increased by the pro-
ject decisions making consequences.

2. Certain subject areas of knowledge in general en-
gineering in terms of the expert systems development
for the investment-construction production preparation
and ICA project management require not so much of
calculation procedures and computational operations as
logical (meaningful) analysis, synthesis and adaptabil-
ity, informal methods, qualitative assessments, and the
specialists experience.

3. Among the prioritized development areas could be
selected and practically implemented solutions of those
“butt” tasks that are decisive for the implementation of
the projects-construction object — this is the investment
and work distribution between the ICA participants, the
investment efficiency feasibility study, and project fea-
sibility study in the reference terms development for the
construction object design, designing methods and con-
struction means, operation and renovation at the P-CO
life cycle steps and stages, making rational integrated
decisions for the technological and construction project
parts installation, monitoring the P-CO operation and
renovation, etc.
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Hogsi migxoau 10 cTpareriyHoro NporpaMHoO-uiJibOBOro yrpaBJiHHS
iHHOBALIHHO-eKOHOMIYHUM PO3BUTKOM OYAiBeJILHOIO CEKTOPA Y KPAiHU

Penxin O.B.!, ITaxomos P.1.2*, 3uma O.€.}

! TlonTaBchKuii HALIOHANBHUH TeXHIYHMI yHiBepcuTeT iMeHi IOpis Konaparioka

2 TlonTaBchKuii HaliOHANBLHUH TexHiuHMM yHiBepcuTeT iMeni IOpis KonapaTioka

3 Tlonraschbkuii HallioHaIBHUI TEXHIYHMI yHiBepeuTeT imMeni IOpis Konaparroka
*Anpeca i tuctyBanHs E-mail: pahomov_ri@ukr.net

YcTaHOBIIEHO, IO XapaKTEPHOIO PUCOI0 CydacHOI ITI00aIbHOT eKOHOMIYHOI CHCTEMH € aKTUBHUH BIUIHMB JieprKaBH Ta i1 OpraHiB
BJIQ/I HA CTPATETiYHUN PO3BUTOK IIEPENOBHX Taly3el HayKu, BUpOOHUNTBA i Oi3Hecy, 3abe3neucHHs IX iHTerpanii B e AUHAI
MeXaHi3M HayKOBO-TEXHITHOTO Ta COILiaTbHO-eKOHOMIYHOTO IIPOrpecy MOCTIHAYCTPIAIbHOTO CyCIIIbCTBA, B IKOMY 3a/isTHI HE
TUIBKH OKpeMi KpaiHu Ta OpraHHy IX JIep>KaBHOTO YIIPABIiHHSA, a ¥ MpoBixHI koMnaHii cBity. [IpoBeneHo aHami3 cTaHy Ta BUSB-
JIeHO Tpo6JIeMH B iHHOBaLIHHO-eKOHOMI4HIH cepi po3BUTKY YKpaiHu 3a daciB il He3aJeKHOCTI. 3AIHCHEHO TEOPETUYHI 10C-
JIDKEHHS CyYacHUX TEHICHLIH, IpoLeciB i IpoLeayp 1040 OpraHi3allii Ta yIpaBiliHHS IPOTrPEecoM MepeJOBUX KpaiH i KOM-
nasiit city. Po3po0ieHo HOBI migxoau 10 GpopMyBaHHS CHCTEMH Ta OpPraHi3allil MpoLeciB CTPAaTEriYHOro IIAHYBAHHSI i IPO-
rpaMHO-LITFOBOTO YIPaBIiHHS iIHHOBAL[IHHIM Ta €eKOHOMIYHHM PO3BUTKOM JIepIKaBH, i pEerioHiB, rajay3ei rocrofaploBaHHs i
MNPHUEMCTB, 3aTHUX CTBOPIOBATH Ta PEali30ByBaTH Ha CBITOBHX PHHKaX HaYKOEMHY KOHKYPEHTO-CIPOMOXHY MPOYKIIIO
3 BHCOKHMM piBHEM JI0JaHOi BapTocTi. PO3po0ieHo mpakTUdHI peKoMeHamil moao eeKTUBHOI peaisamii I[bOro mporecy,
30KpeMa, 3allpOIIOHOBAHO MOJIEIb 1 aITOPUTM CTPATErivyHOrO IUIAHYBAHHS 1 MPOrPaMHO-LIILOBOTO YIPABJIiHHS COL{iaIbHO-
CKOHOMIYHUM Ta iIHHOBaLii{HUM pO3BUTKOM Ykpainu. HaBeieHO XapakTepHCTUKY OCHOBHUX IapaMeTpiB i €IEMEHTIB CTPYK-
TYpPHO-iEpapXivHOT OpraHi3allii CHCTeMH Jep)KaBHOTO YIIPABIIHHS CTPATEriYHUMH Ta IIPOrPaMHO-IIIBOBUMH 3aX0/[aMH B IIPO-
1ecax po3BUTKY JepikaBH Ta 1i eneMeHTiB. Ha OCHOBI y3arajgbHEHHs CBITOBOTO JOCBiAy MPOBIAHUX KpaiH i KOMIaHiil CBIiTY
copMOBaHO MPOIMO3ULIIT 11010 TOKPOKOBOI MPAKTHYHOT peaizallii KIII0Y0BHX 3aX0/iB, MPOLEAYpP Ta iIHCTPYMEHTIB CTpaTeri-
YHOTO MPOTrPaMHO-1IIILOBOTO YIIPABIiHHS iHHOBALIIIHO-eKOHOMIYHUM mporpecoM Ykpainu. [IpakTudna peasizaris po3pobie-
HMX IIPOTO3ULiil Oyae CIPUATH PUCKOPEHHIO Iporpecy YKpaiHu 3a CBITOBUMHU CTaHIAPTaMH T'OCIIOAPIOBAHHS

KorouoBi ciioBa: OyzniBesnsHHMIT CeKTOp, IHHOBANIHHO-€KOHOMIYHUH PO3BUTOK, IPOTPaMHO-IIILOBE YIIPABIIHHS, CTpaTEridHe
IUIAHYBaHHS
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Introduction

A characteristic feature of the modern global eco-
nomic system is the active influence of the state and its
authorities on the strategic development of advanced
science branches production and business, ensuring
their integration into a single mechanism of scientific,
technical and socio-economic progress post-industrial
society. According to the practice of the most devel-
oped countries of the world, public strategic manage-
ment of the economy is a system of effective strategic
measures of legislative, executive and controlling na-
ture. These measures are implemented by relevant gov-
ernment agencies and public organizations with the aim
of stabilization, quality transformation and accelerated
transition to sustainable progress of the whole society.
This is achieved by the fact that the central authorities
determine the most promising directions of the coun-
try's strategic development for 5 - 10 years and more
and ensure the implementation of the plans with finan-
cial and other resources. An innovative model of eco-
nomic growth is at the heart of these countries' pro-
gress.

Ukraine has not created its own mechanism and man-
agement system for its development, has not defined a
clear strategy for the implementation of this process,
the topic of this article is relevant, has scientific novelty
and practical value.

Review of the research sources and publications

Analysis of well-known publications [1-18] showed
that although today there is some research in the field
of theory and practice of innovation and investment
management, development of the economy and its pro-
duction systems, including the use of modern standards
of strategic and project management, but they are not
enough for the practical implementation in the new
conditions of transformation of the economy, public
life and, especially, the system of public administration.
Today there are still no effective mechanisms, proce-
dures and tools for strategic planning, multi-project and
project management of innovative development of the
national economy, its high-tech research and produc-
tion systems and enterprises.

Definition of unsolved aspects of the problem

Despite the experience of successful progress of the
leading countries and companies of the world, a con-
siderable number of theories of providing innovative
development of different economic systems, today the
domestic economy and its enterprises are unsatisfac-
tory. There is a constant manifestation of crisis phe-
nomena in the economy and public life due to the cha-
otic nature and inefficiency of previous transformations
in the state and business. A clear confirmation of this
conclusion is the fact that the National Strategy and De-
velopment Program of Ukraine has not been developed
and legally approved to date, and there are practically
no state policies and effective mechanisms for manag-
ing this process. That is why it is possible to determine
that in our country new systems and tools for strategic
and current management of innovation and economic
progress of the state, its regions, leading industries and

enterprises should be created. At the same time, any de-
velopment strategies and programs should be aimed at
building modern types of high-tech research and pro-
duction systems and powerful enterprises in Ukraine.
At the same time, it is necessary to ensure the formation
of a professional and effective structure and processes
for managing the functioning and development of so-
cio-economic and production-economic systems, capa-
ble of creating and selling the latest high-value products
and services with a high level of added value, to in-
crease the competitiveness and well-being of the whole
society. The above factors highlight the relevance of the
scientific and practical research topic of this article,
which reveals the essence, the main purpose and main
results.

Problem statement

The purpose of the work is to highlight the results of
theoretical research and practical recommendations on
the formation in Ukraine of a new system, mechanisms
and procedures of strategic, program-targeted and pro-
ject management of innovation and economic develop-
ment of the state, national economy, its high-tech sci-
entific-production systems and enterprises capable of
creating science-intensive and competitive, high value-
added products.

Basic material and results

Today, strategic innovation policy should be an inte-
gral part of the overall system of state strategic man-
agement of Ukraine's socio-economic and innovation
development. It should be based on: a national strategy
for innovation and organizational and economic trans-
formation; a set of national measures, through which
certain goals of development are realized.

Strategic planning and program-targeting, as the main
form of state regulation of innovation and economic de-
velopment, have been widely used in the countries of
the European Union (EU), Japan, South Korea, China.
It can be noted that today, in the EU, ten directions of a
pan-European wide-ranging innovation strategy are be-
ing implemented in the EU on the basis of a program-
based method: development of an innovation-oriented
education system; formation of the European Institute
of Technology; creating a single attractive research-ori-
ented labor market; Strengthening links between re-
search organizations and industry promoting regional
innovation and development through cooperation pol-
icy programs; reforming the rules of state support for
scientific research; strengthening the protection of in-
tellectual property rights; development of digital prod-
ucts and information service; formation of "advanced"
markets, favorable for innovation; stimulating innova-
tion through procurement. The key instruments of the
EU strategic development policy for recent years have
been targeted programs such as: VIII Horizon 2020
Framework Program for Scientific Research 2014 -
2020; EURIKA; EUROSTAR; COST program and
more. [5].

Considering Ukraine, it should be noted that with
considerable experience of theoretical research, a large
number of projects of national strategies and programs
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in the field of innovative progress of the state and its
economy have been developed, but have not yet been
adopted due to the lack of a separate legislative and reg-
ulatory framework, the organizational and methodolog-
ical basis for strategic planning and programming of in-
novative development of the domestic economy, as
well as due to the organizational and functional imper-
fection of the system of state strategic management.
Therefore, as noted above, the issue of state regulation
and strategic planning organization needs further re-
finement and is therefore also part of this study.

The innovative progress of the economy today should
become an integral part of the overall process of func-
tioning and development of the state. With this in mind,
the methodological approach to the strategic planning
organization in the field of Ukraine state regulation of
socio-economic and innovative development can be
schematically reflected in the model of the system for-
mation of national values, interests and national pro-
gress goals, as shown in Fig. 1.

Today, the state strategic planning of socio-economic
and innovative development of Ukraine is based on the
procedures of program-targeted approach with the use
of modern tools of scientific prediction of economic
progress, including foresight methodology, as one of
the leading tools of scientific forecasting. Such plan-
ning is part of the policy formulation and implementa-
tion process. In the development and implementation of
conceptual and practical documents of socio-economic
development of the country, it is necessary to solve the
following tasks: to scientifically substantiate and deter-
mine the long-term goals of social development; iden-
tify directions and develop an effective algorithm for
achieving goals by coordinating central and local gov-
ernment, corporate systems, institutions, public associ-
ations; focus efforts and resources on priority areas of
development. It should be remembered that the pro-
grammatic approach is a kind of multiproject manage-
ment, which is widely recognized in leading countries
and companies of the world on the basis of American,
Japanese, European and other standards of project man-
agement (PMBoK, P2M, IPMA, PRINCE) [1-6].

The process of forming the conceptual frameworks
and programming documents should begin 2 years be-
fore the end of the current Strategy and the National
Program. The process of forming and implementing
strategic and programmatic documents covers the fol-
lowing three steps.

Stage 1 covers the development of the state Strategy
of socio-economic development. At this stage, the situ-
ation is analyzed, the dynamics of its changes in the
country and the international environment are revealed,
negative and positive tendencies and their causes are
evaluated, the forecast of the state for the long and me-
dium term, the methodology of foresight is applied to
predict the development of the situation and determine
the priorities of the country's development.

An obligatory condition for the stage completion is
the procedure of promulgation, discussion and mutual
agreement of the provisions of the Ukraine Strategy of
social and economic development, its consideration
and approval by the Verkhovna Rada of Ukraine.

At the second stage, the National Program of Social
and Economic Development is being developed. At this
stage, the following steps are implemented:

* set tasks for solving the problems identified by the
Strategy, directions for solving them and achieving the
strategic goals; a competition for the development of
projects on the mentioned issues, terms and procedure
of holding is announced;

* development, examination and selection of projects
as ways of tasks accomplishment are carried out;

» generalize and coordinate projects and regional de-
velopment programs, existing and new international,
targeted state programs, develop an action plan;

* developing a cost estimate of the consolidated plan
for all resources;

* an organizational and executive structure is formed
for the implementation of the National Program - the
main executors, co-executors, control bodies are deter-
mined and their functions are determined.

The National Program can be adjusted every year at
the same time as the approval of the short-term Program
of Socio-Economic Development of Ukraine and the
State Budget for the following year (Fig. 1).

Stage 3 concerns the implementation of the Program,
the provision of tasks to the contractors and the direct
implementation of program activities. At this stage, the
implementation of the developed measures is moni-
tored, interim and final results are adopted, their com-
pliance with the goals and the budget of the expendi-
tures, changes to the tasks, regrouping of available re-
sources and means are evaluated.

At the end of this phase, the Verkhovna Rada of
Ukraine should review the report on the implementa-
tion of the National Program and draw conclusions that
are made public through the media.

It is also worth noting that the annual budget plans for
the implementation of the National Program of Social
and Economic Development are drawn up and balanced
during the development of the State Budget.

In parallel with the formation and implementation
process of work individual stages and complexes of the
Ukraine National Strategy and Program of Social and
Economic Development, appropriate measures to en-
sure innovative development of the national economy
should be developed, coordinated, approved and imple-
mented. The process organization conceptual model of
formation and implementation of strategic and pro-
grammatic documents on state management of innova-
tive economy development can be presented in the form
given in Table. 1.

Based on the theoretical and practical experience of
organizing state strategic planning and programming of
innovative progress in the world and Ukraine (since its
independence), the following general conclusions and
suggestions can be made regarding the practical im-
provement of strategic state management of innovative
development of the domestic economy.
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Figure 1 — Scheme of strategic program-targeted planning in the sphere
of public administration of socio-economic and innovative development
of Ukraine (improved on the basis of [11])
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Table 1 — Characteristics of the structural-hierarchical organization of public administration of
strategic and program-targeted measures for innovative economic development

Characteristics of
organizational
and process ele-
ments of develop-
ment manage-

Characteristics of a strategic state management of economic development hierarchical or-

ganization

the highest nation-
wide management
level

central government
authorities

regional and local
authorities

management teams
managing the Tar-
geted Development

ment Programs (TDP)
strategic program-planning and state regulation of economic de- project
velopment management
Organizational 1. President of 1. Ministry of Fi- 1. Regional State 1. Sectoral, regional
structures of the Ukraine, Committee |nance, Ministry of | Administration. and other TDP pro-
entity managing on Economic Re- Economic Develop- | 2. Regional Council |ject management of-
the innovative de- |forms and State De- |ment and Trade. of People's Deputies. |fices.

velopment of the
national economy

velopment.

2. Cabinet of Minis-
ters of Ukraine, inter-
agency coordination
council.

3. The Verkhovna
Rada of Ukraine.

4. Ministries and
other authorities.

2. Other central ex-
ecutive bodies are
their strategic plan-
ning departments.

3. Regional Offices
for Science, Technol-
ogy and Innovation.

2. Organizational
structures of TDP
management teams.

Organizational
measures and
methodological
support for strate-
gic and program-
matic management

1. Initiation of ac-
tions and coordina-
tion management
based on the Consti-
tution and Laws of
Ukraine.

2. Methodology and
standards for strate-
gic management and
implementation of
strategic national
measures.

1. Organization of
strategic planning of
economic sectors.

2. Regulatory and
methodological sup-
port for development
planning.

3. Organizational
and methodological
support for improv-
ing education.

1. Organization of
strategic planning for
regional develop-
ment.

2. Organizational
and methodological
support for improv-
ing education.

1. TDP Planning or-
ganization.

2. Development and
application of project
management stand-
ards.

3. Implementation
of maturity models
for project manage-
ment skills.

Objective results
of managerial in-
fluence that char-
acterize the es-
sence of a manage-
ment object

1. National strategic
development priori-
ties (10-30 years).

2. National Concept,
Strategy and Devel-
opment Program.

3. Perspective
(for 2-5 years) and
annual state plans
and budgets of the
current implementa-
tion of development.

4. Legislation.

5. Regulatory and
methodological ex-
planations.

6. Strategic national
control.

1. Sectoral develop-
ment priorities.

2. Industry concepts,
strategies and devel-
opment programs.

3. Sectoral programs
and standards of in-
novation, innovation
and technological de-
velopment.

4. Prospective and
annual plans for the
implementation of
development pro-
grams.

5. Regulatory and
methodological sup-
port, training of staff.

6. Coordination
management and
controlling of devel-
opment results.

1. Identifying re-
gional needs and pri-
orities.

2. Regional con-
cepts, strategies and
programs of socio-
economic develop-
ment.

3. Regional pro-
grams of innovative
development.

4. Regulatory and
methodological sup-
port, training and ad-
vanced training.

5. Coordination
management and
controlling of devel-
opment results.

1. Implementation
of targeted develop-
ment programs.

2. Organization of
TDP professional
project management.

3. Ensuring the ef-
fectiveness of TDP
implementation re-
sults.
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One of the main shortcomings of the previous trans-
formation period of innovation and economic transfor-
mations in the country was the lack to date of the
National Concept, Strategy and Program of Socio-Eco-
nomic and Innovative Development of Ukraine.
This shortcoming has largely caused the inconsistent
nature of the organization and governance of previous
reforms. It enhances the effect of another strategic mis-
take of the period 1991 - 2020 — the application of the
philosophy of the state policy implementation of the
domestic economic transformation on the basis of the
market self-regulation neoliberal mechanism and the
removal of the state from the process of regulating its

innovation and technological modernization and socio-
economic development. As a result, today Ukrainian
society has unfinished economic reforms, increasing
the gap between the level of innovation and technolog-
ical development of the leading countries of the world.

The conducted analysis and generalization of the
world and domestic experience of organization and
management of economy innovative development al-
lowed to determine ways and improvement procedures
of development strategic state program-target regula-
tion and its strategic innovation policy in this sphere,
which are given in Table. 2.

Table 2 — Generalization of the experience of innovative development
strategic state regulation in Ukraine and other countries of the world

World practical experience of
innovative and sustainable
economic development

Modern strategic state innovation policy of development of Ukraine

disadvantages
and remarks

suggestions for improvement

It is established that each
country has a very specific na-
tional character and diverse
approaches to the formation
and implementation of na-
tional innovation policy. At
the same time, common as-
pects of development are:

1. Each country makes its
progress on the basis of the
methodology of strategic man-
agement of national develop-
ment programs and projects.

2. The generator and basis
of development is the creation
and effective activity of an ex-
tensive network of the na-
tional innovation system and
the variety of forms of its par-
ticipation in innovative pro-
jects and programs.

3. In the EU and other so-
cially, economically and tech-
nologically developed coun-
tries of the world, develop-
ment is being implemented on
the basis of the strategy of na-
tional, regional and local de-
velopment of territories.

4. State regulation of inno-
vation processes is carried out
in a wide range of administra-
tive interventions and regula-
tion in development manage-
ment from the centralized pro-
grammatic to the liberal-state
mechanism of support and
stimulation.

1. Formal definition and
weak adherence by the author-
ities of the legislation and
state normative-legal acts on
the regulation of the innova-
tion sphere (activity, processes
and development, etc.), in-
cluding scientific and scien-
tific-technical policy.

2. Lack of a clear mecha-
nism for the practical imple-
mentation of regulatory func-
tions and instruments in the
state innovation policy.

3. Absence of the Concept,
Strategy and Development
Program of Ukraine developed
and legally enshrined.

4. Absence of complex re-
forms in the main spheres of
economy and public life.

1. Formation of a more sophisticated and
practical application of the content of stra-
tegic and current state innovation develop-
ment policy, which covers the legislative
and procedurally defined Concept, Strat-
egy, Innovation Development Program,
procedures and instruments for their im-
plementation.

2. Formation of clear and effective
mechanisms for aligning them with strate-
gic processes of managing other spheres of
development of the national economy and
life of society.

3. Transition to the methodology of stra-
tegic program-target and project manage-
ment of development, the main elements
of which should be:

3.1. Identification of contemporary so-
cial needs and interests.

3.2. Macroeconomic forecasting and
planning.

3.3. Hierarchical definition of strategic,
tactical and current development goals.

3.4. Ensuring social orientation of the
market economy and development pro-
cesses.

3.5. Development and approval of a new
Concept for Sustainable Socio-Economic
and Innovative Development.

3.6. Development and approval of a new
National Sustainable Development Strat-
egy and Plan (Program).

3.7. The transition to state programmatic
planning and strategic management.

4. Taking into account world and na-
tional experience of planning, organizing,
coordinating, controlling and regulating
the course of implementation and ensuring
the effectiveness of development results.

30ipHUK HAYKOBHX Tipallb. ['amy3eBe MammHOOyIyBaHHs, OymiBHHITBO. — 1(54)° 2020

111




Conclusions

The authors of the article are convinced that the theo-
retical results and practical recommendations given in
this work will allow not only qualitatively and effec-
tively to modernize the system of strategic management
of the country's innovation and economic development,
but also to ensure its rapid progress on the basis of at-
tracting the best world experience and creating its own
mechanism of sustainable economic progress and the
whole society by the advanced standards of this process
implementation.
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