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The construction of buildings using 3D printing is becoming increasingly popular. However, this technology, despite its nu-
merous advantages, also has its drawbacks. To minimize the impact of these drawbacks on the quality of construction work,
scientifically substantiated approaches can be applied to improve both the technology itself and the machines used in the pro-
cess. One of the factors that affect the quality of material deposition on the printing surface is the alignment of the extruder's
productivity of the construction 3D printer with the speed of its movement above the surface. This can be achieved by consid-
ering the physicomechanical properties of the concrete mixture and the method of its delivery to the application area. To de-
scribe the mixture's delivery through a narrow channel between the nozzle end of the extruder and the printing surface, the
Poiseuille method is proposed, modeling the mixture with the Herschel-Bulkley rheological model. Analytical dependencies
have been derived to determine the extruder's productivity and the speed of the mixture extrusion through the nozzle.

Keywords: 3D construction, extruder, Herschel-Bulkley model, Poiseuille method, integral average velocity.
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CropyokeHH 00’€ekTiB OyniBHHITBa criocobom 3D-napyky HaOyBae Bce OUMBIIOrO TOMMpeHHsS. JlaHa TeXHONOTIS Mae
PS TIepeBar nepe TPaAULiHHUMH CIIocO0aM¥ BUKOHAHHS OyaiBenbHUX poOiT. IIpote, mopsn 3 mepeBaramu 3D-0eToHyBaHHS
Ma€ TaKoX 1 HEIOJIKH, MiHIMI3yBaTH BIUIHB SIKMX Ha SKiCTh BUKOHAHHS OyIiBEJIbHUX POOIT MOXKHA 3aCTOCYBABIIN HayKOBO
0OIPYHTOBaHI MiAXOAU 10 BIOCKOHAJEHHS SK caMoi TEXHOJIOTIT Tak i MaIliuH, SIKi IpH bOMY BUKOPUCTOBYIOThCs. OHUM 13
(axTopiB, SKi BIUINBAIOTH HA SIKICTh HAHECEHHS MaTepialy Ha MOBEPXHIO JAPYKY € y3TOMKEeHHS NMPOLYKTHBHOCTI €KCTpyiepa
OyniBenbpHOTrO 3D-IpHHTEpa Ta MBHUAKOCTI HOTO NepecyBaHHs IOHAJ MOBEepXHer0. [[poro MojxHa IOCSITH ypaxyBaBIIN PEOJIo-
Ti4HI BIACTUBOCTI OETOHHOI cyMmimi Ta crocid ii moadi y 30Hy HaHeceHHS. [IpononyeThes cymimn st 3D-prHTEpa MOAEIIO-
BaTH PEOJIOTIYHOIO Moaeiuto [ eprens-bankii, sika 103BoJIsI€ BpaxyBaTH 3MiHY JOTHYHUX HATPYKEHB 3CYBY 3aJI€)KHO BiJI B SI3-
KiCHHX BJIACTUBOCTEH CyMillli Ta iHAeKCy 11 Tedii. J[yis omucy monmadi cyminni yepe3 MTMHAAN KaHAT MK TOPIIEM COILIa eKCT-
pyzepa Ta MOBEpPXHEI APYKy 3aCTOCOBaHO MeToMHKy Ilyaseiins. BuBeqeHO aHAITHYHI 3aJI€)KHOCTI A7 BU3HAYCHHS IPOIyK-
THUBHOCTI €KCTpy/iepa Ta IIBUAKOCTI BUTHCKAHHS CyMillli uepe3 coruio. [lepeanbadaeTsest, 0 HIBUAKICTD TIEPEeCyBaHHs eKCTPY-
Jiepa HaJl MOBEPXHEI0 APYKYy NOBHHHA JOPIBHIOBATH CEpeIHbOIHTErPANIbHII MIBUAKOCTI BUTHCKAHHS CyMIillli Yepe3 IUTHHHUN
KaHaJl MiX TOPLIEM COIlIa eKCTpyZepa Ta MOBEPXHElo APYyKy. B mopansimoMy HaMiueHO NPOBEICHHS eKCIIEPUMEHTAIBHUX J10-
CITI/KEHD 3 METORO i ATBEPKCHHS 3alPOITOHOBAHOI rinmoTe3u. J{Jist MpoBeIeHHS eKCIICPUMEHTATBHUX JOCHIKEHb CTBOPEHO
nabopaTopHuii 3D-npuHTEp, SKUH KOHCTPYKTHUBHO SBIISIE COOO0K0 pOOOT-MaHIIyJISTOp 31 BCTAHOBICHHM Ha HHOMY €KCTpY/Jie-
pom. ITepecyBaHHSM eKCTpyAepa [0 MPOCTOPOBIil TpaeKTOPil, IIBUAKICT 0OepTaHHs JoTaTel Ta IIHeKa eKCTpyAepa 3/iiicHo-
€ThCS IHIMBITyalbHIMH MeXaHi3MaMH, KepyBaHHs SKUMH 3a0e3Medy€eThCs alapaTHO-IIPOrpaMHUM 3a0e3NeYeHHsIM Ha IiaT-
thopmi Arduino.

Kurouosi ciioBa: 3D-0yaiBHULITBO, eKcTpyaep, Mojens [ epruens-bankii, metoaunka [Tyaseiins, cepeqHbOIHTErpalbHA B
KIiCTb.
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Introduction

In recent times, there has been a rapid development
of additive technologies in all sectors of manufacturing,
and the construction industry is no exception. The num-
ber of structures fabricated using 3D printing has in-
creased significantly in recent years [1-3]. The equip-
ment used for this purpose is construction 3D printers.
The main advantages of using construction 3D printers
compared to traditional construction technologies are
as follows [4]:

- Reduction in construction timelines

- Improved quality of construction work

- Decreased labor costs

- Possibility of implementing modular production

- Reduction in costs associated with construction and
tooling

- Increased safety in production and improved work-
ing conditions

- Enhanced environmental performance of construc-
tion activities through waste reduction

- Ability to construct buildings with diverse architec-
tural designs.

Additionally, several economic factors also support
the adoption of 3D printing [5]. However, as research-
ers point out [4], this technology is not without its draw-
backs. The following disadvantages should be consid-
ered:

- Relatively high initial investments due to the high
cost of 3D printing equipment.

- Frequent breakdowns of 3D printers, especially dur-
ing continuous usage.

- The need for improvement and development of new
construction materials for use in 3D printers.

- Comparatively rough appearance of the constructed
structure, requiring finishing works.

Considering the mentioned advantages and disad-
vantages of using 3D printing in the construction indus-
try, we can conclude that this technology currently re-
quires further improvement, which can be achieved
through the application of scientifically grounded tech-
nical solutions. Therefore, scientific research in the
field of improving and developing 3D printing equip-
ment remains relevant.

Review of the research sources and publications

A significant number of publications by both domes-
tic and international researchers are dedicated to im-
proving equipment for 3D printing. In works [6, 7], an
analysis of existing types of construction 3D printers
was conducted, and their shortcomings that require im-
provement were identified. Promising designs of 3D
printers and their components were also proposed, aim-
ing to expand the technological capabilities of the
equipment and increase work productivity.

Another direction for improving the quality of con-
struction works using 3D printing is the improvement
and development of construction mixtures. The results
of a critical review of methods for investigating inter-
layer regions of 3D-printed concrete are presented in
work [8]. Testing methods used to assess the strength
of interfacial bonding, the influence of printing param-
eters, material composition, and other factors on the

strength of interfacial connections are discussed. Rele-
vant modification methods are considered, and ideas
for future research are proposed.

The rheological properties of the concrete mixture
used in 3D printers are the subject of study in work [9].
Two contrasting strategies that can be applied in the
construction of concrete structures using extrusion are
discussed: using concrete with high and low workabil-
ity. The behavior of fresh cement paste and construc-
tion mortar under various influences (shear, compres-
sion, tension) is investigated for different water-to-ce-
ment ratios.

Definition of unsolved aspects of the problem

The construction of a structure using a construction
3D printer involves layer-by-layer deposition of a con-
crete mixture onto the printing surface. At the begin-
ning of the construction, this surface may be a specially
prepared platform, and subsequently, it becomes the
lower layers of the already printed structure.

It is evident that to ensure quality printing with this
method of application for each subsequent layer, it is
necessary to coordinate the amount of concrete mixture
supplied to the printing zone and the speed of move-
ment of the extruder over the surface. If the amount of
supplied mixture exceeds the required amount, an ex-
cess will be extruded not only behind the extruder in
the direction of its movement but also from the sides
and in the area ahead, leading to a deterioration in the
appearance of the structure, excessive material con-
sumption, and additional resistance to movement.
On the other hand, if the feed rate of the mixture is
lower than the speed of the extruder's movement, the
required layer thickness will not be achieved, resulting
in poor print quality.

This problem can be addressed through a theoretically
justified coordination of the properties of the mixture
used for 3D printing and the parameters and operating
principles of the machine that deposits this mixture.
However, the scientific literature provides insufficient
coverage of these issues.

Problem statement

Thus, the objective of this research is to develop a sci-
entifically justified methodology that allows for the co-
ordination of the amount of mixture supplied to the
printing zone and the speed of movement of the ex-
truder. At the initial stage of the investigation, it is nec-
essary to develop a mathematical model of the process
of mixture deposition in the printing zone.

Basic material and results

To conduct scientific research at the Yuri Kondratyuk
Poltava National Technical University, a laboratory
3D printer has been created (Figure 1), which is a ro-
botic manipulator with an installed extruder. The depo-
sition of mixture layers onto the printing surface is car-
ried out by the extruder as it moves above this surface.
The robotic manipulator enables the movement of the
extruder along a spatial trajectory through individually
controlled mechanisms.
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Figure 1 — 3D Printer in our laboratory

Structurally, the extruder consists of a container with
individual shafts on which blades and an auger are in-
stalled (Figure 2). One of the shafts is hollow, allowing
the other shaft to pass through it. The blades are used to
mix the concrete mixture, preventing it from solidifying
and keeping it in a fluid state. The auger is responsible
for feeding the concrete mixture to the nozzle, which is
located at the bottom of the extruder and has a cylindri-
cal shape. The loading of the mixture is carried out cy-
clically through a loading opening as it is consumed.

The spatial trajectory of the extruder's movement is
defined (Figure 3) by the hardware and software pro-
vided on the Arduino platform. This hardware and soft-
ware also determine the necessary rotational speed of
the blades and auger. This allows for various operating
modes to be set and enables the deposition of the mix-
ture along the specified trajectory.

The adjustment of the mixture layer thickness H (Fig-
ure 3) using the specified extruder design is achieved
by setting the desired height of the nozzle above the
printing surface. In this case, the mixture, under the
pressure generated by the auger, will be extruded
through the narrow channel formed between the nozzle
tip and the printing surface. In the case of a cylindrical
nozzle, the extruded material will form a ring-shaped
cross-section of length B (Figure 4). Unfolding this ring
on a plane, we obtain a narrow channel through which
the mixture is supplied in the form of a parallelepiped
with width B, height H, and length L. The geometric
dimensions of this channel remain constant during the
operation of the 3D printer.

Therefore, the amount of mixture delivered to the
printing zone will depend on the speed at which it
passes through the specified channel.

Figure 2 — The structure of the extruder of the la-
boratory 3D printer is as follows:

1 — extruder nozzle; 2 — concrete mixture feeding auger;
3 — loading window; 4 — shaft for driving the auger
and blades; 5 — container for the concrete mixture;

6 — blades for mixing the mixture

Figure 3 — The application of a layer
of the concrete mixture onto the printing
surface along a specified trajectory

%

Figure 4 — The diagram of material
flow through a slotted circular channel

Considering the characteristics of the structure and
operation principle of the proposed construction 3D
printer extruder, the following requirements can be ad-
ditionally formulated for the concrete mixture:

- Taking into account the vertical positioning of the
extruder and the location of the feeding opening at its
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lower part, the mixture should possess certain viscosity
properties that prevent it from self-advancing through
the feeding opening under the influence of gravity.

- The consistency of the mixture should be such that
it exhibits plastic properties and can be extruded
through the nozzle opening when the screw is rotating.

- After being deposited onto the printing surface, the
plasticity of the mixture should rapidly diminish, and it
should not exhibit excessive flow or spreading behav-
iour.

Based on the existing scientific research on the rheo-
logical properties of concrete mixtures, it can be con-
cluded that a mixture with specific strength character-
istics in a quiescent state that acquires fluid-like prop-
erties when subjected to external loading best satisfies
these requirements. Such a mixture is considered a vis-
coelastic material that exhibits its maximum strength
under the influence of external loading.

Typically, the physico-mechanical properties of such
materials are described by the Shvedov-Bingham rheo-
logical model, which takes the following form:

T=Totlp - Y, (1)

where 7o — shear yield stress, Pa;
My — plastic viscosity, Pa-s;
y — velocity gradient, 1/s.

However, this relationship does not account for the
change in tangential stresses with varying shear rates,
and in this case, inaccurately reflects the behavior of
concrete at different rates of applied loading.

A more accurate description of concrete behavior
during extrusion is provided by the stepped rheological
models, such as the Herschel-Bulkley model [13],
which has the following analytical expression:

T= T Y, (2)

where 7; — shear yield stress, Pa;

M1 — a coefficient proportional to the viscosity at a unit
velocity gradient;

y— velocity gradient, 1/s;

@ — flow index.

Therefore, the objective of this research is to adapt
the mentioned rheological model to describe the mate-
rial flow process through the slit channel between the
nozzle face of the extruder and the printing surface.
Since the nozzle of the proposed construction
3D printer has a circular shape, the slit channel will also
be circular. The width of the channel will be equal to
the circumference length B, and the length will be the
thickness of the nozzle face L. When the concrete mix-
ture is fed, a layer of thickness H is formed.

To derive an analytical expression for the material
flows through the slit channel, we apply Poiseuille's
method [14], which describes the flow rates of a visco-
elastic fluid through a cylindrical channel.

Further calculations are carried out using the scheme
depicted in Figure 5. The diagram shows the forces act-
ing on an elementary layer of material with a thickness,
which is assumed to be undeformed. We assume posi-

tive shear stresses occur on the lower and upper sur-
faces of the elementary layer. Then the external force
creating pressure will have a negative sign, and the
equation of force equilibrium will take the form:

2-B-L-7=—2-h-B-gq, (3)

where &, B, L — length, and width of the slit, respec-
tively (in the case of a circular channel, the length of
the channel is equal to the circumference);

q — pressure at the inlet of the channel.

Figure 5 — Computational scheme
of material flow through the slit channel

From equation (3), we determine the dependence of
shear stresses in a material layer with height on the
pressure of the material at the inlet of the slit channel:

q-h

Z'ZT. (4)

We transform formula (1) into the following form:

1
_yzg{v—rs)}«f{(r—a)} ’ (5)
dh u H

where n — is the reciprocal of the flow index, n = 1/¢.

The minus sign before the velocity gradient symbol
indicates that the directions of velocity and shear
stresses are opposite. Since the velocity gradient is , for-
mula (5) can be written as:

h "

(qT_TS)

—dv=|——=——| dh, (6)
y7,

By integrating both sides of equation (6), we obtain:

n+l
(q'h_z-sj L

(n+1)-q-u"

Assuming that the flow velocity near the wall is zero
[14] (v =0 when h = H/2), we find the constant of inte-
gration C as:

n+l
(M‘“j 0
2-L (8)

(n+1)-q-pu"
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By substituting the constant of integration into the ve-
locity equation (7), we find the velocity distribution
equation along the channel height:

n+l n+l
v(h) = (ﬂ—qj —(q—'h—rsj x
2L L
(9)
L
X—
(n+1)-q-pu"

Formula (9) allows us to calculate the velocity of the
concrete mixture layers as they advance through the
height of the slit channel. Since the velocity of individ-
ual layers of the mixture will vary with height, to deter-
mine the extruder's movement speed above the printing
surface, we need to use the average integral value of
velocity, which we find as:

1 HI2 ) n+l . n+l
vgm— [|[LE ] (L) |
AH o [\ 2-L L
L

(10)
X ——————dh
(n+1)-q-p
Taking into account that:
AH =0.5H-0=0.5H (11)
the expression (10) takes the form:
H/2 n+l . n+l
e [u_,s) _(M_,S] \
H ,|\2-L L
. (12)
X - dh
(n+1)-q-u

Equation (12) enables the adjustment of the material
feed rate through the extruder channel with the move-
ment of the 3D printer extruder, ensuring a uniform
cross-section of the applied mixture layer on the print-
ing surface.

To determine the productivity of the extruder Q, m?/s,
we evaluate the definite integral of the obtained func-
tion (9) and multiply it by 2, since formula (9) describes
only half of the channel height. Additionally, we mul-
tiply the resulting equation by - the channel width. For
convenience, we express the channel width in terms of

the average nozzle diameter , that is:
B=rx-D (13)

Then the expression for calculating the extruder's
productivity takes the form:

H/2 . n+l . n+l
0 2-L L
(14)
. ;ndh] 4D
(n+1)-q-u
Conclusions
The conducted research allows us to state the follow-

ing:

1. The application of additive technologies is cur-
rently a promising direction in the development of the
construction industry.

2. The equipment used for 3D printing of building
products and structures has several disadvantages,
which can be avoided by applying scientifically sub-
stantiated technical solutions.

3. Ensuring high-quality 3D printing is possible by
coordinating the amount of mixture supplied to the
printing zone and the extruder's movement speed along
the printing surface.

4. The scientific novelty of the obtained results lies in
the derivation of analytical dependencies that relate the
technical parameters of the construction 3D printer to
the rheological properties of the extrusion material
used.
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At the current stage of society's development, more and more attention is paid to the search for constructive solutions to facil-
itate a healthy lifestyle. The work presents a cluster approach to the formation of the project of an innovative low-rise building
under the conditions of ensuring environmental criteria, the principles of green construction by the flow method of raising
buildings from ecological materials and quickly assembled modular elements. Such houses have low energy costs and make
the most of the circle of quality and comfortable living. The solution of the specified approach and the adoption of relevant
decisions were carried out using classical parametric system analysis and structural synthesis.
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VYV po06oTi 3anpONOHOBAHO KOMIUIEKCHHUI MiAXiJ Ha OCHOBI KJIACTEPHOTO aHAJi3y /Ul PO3pOOKH IHHOBALiIWHUX PillleHb IS
MaJIOIIOBEPXOBOi 3a0y/I0BH 3 aKIIEHTOM Ha €KOJIOT14Hi KpHUTepil Ta NPUHIMIN «3eJieHoro OyaiBHMITBa». [IpoBeneHo aHai3,
SIKHAH T IKPECIIIOe aKTyalIbHy NOTpeOy y OLIbII eHeproedeKTHBHOMY Ta CTAIOMY JKHTIOBOMY (OHI YKpalHu Ta HOKa3ye 3Ha-
YHY PIi3HHLIIO B CIIOKMBaHHI eHeprii Mixk YKpaiHoto Ta kpaiHamu-uieHamu €Bpomneticekoro Coro3y. BuaineHo HeeeKTUBHICTD
ICHYIOYOTO JKUTIIOBOTO (DOHIY Ta HEOOXiJHICTh BUKOPHCTAHHS €HEPrOoe()eKTUBHUX TEXHOJOTIH MPOTATOM YChOTO KUTTEBOTO
UKty OyaiBHUNTBA. JJOBEEHO, 110 IHTETpallis MOJIeNel KiIacTepiB y Oy IiBEbHUN MPOIIEC 1€ pi3HOMAaHITHI IepeBar, BKIIO-
Yar0Yd CKOPOYCHHS Yacy BUBEICHHS iHHOBAIIHMX MPOIYKTIB Ha pUHOK iHHOBaLi Oy IiBEebHUX MPOIIECIB, MTiABUIICHHS CTa-
OIIBHOCTI JIOTICTUYHMX 3B'S3KiB, 3MEHILICHHs (DiHAHCOBHX PHU3MKIB Ta PO3LIMPEHHs PUHKY 30yTy. Jlocmi/ukeHHs1 po3risaae
KJIIOYOBI acleKTH opraHizauii OyaiBHHILTBA, IIaHYBAaHHsI, YIPABIIHHSI Ta KOHTPOJIO SKOCTI B KOHTEKCTI KnactepiB. Jlocmi-
JUKEHO METOJI MOTOKOBOTO OYyIiBHHUIITBA, KU MOETHYE MOCIIIOBHUIA Ta MapajieabHUI METOH, MiHIMI3YI04H IXHI HETOJIKH.
Lle#t miaxin imocTpyeThest Ha npukiani nmpoekty Bucha Techno Garden Ta mokasye, sik JaHU METOJ MOXe IPH3BECTH 110
3HIDKCHHSI BUTpAT 1 3MII[HEHHsI CIIBIIpalli MiXK y9acHHKaMH Kiactepa. KpiM TOro, MOCHTiIKEHO BUKOPHUCTAHHS TEXHOJOTil
Building Information Modeling (BIM) six iHcTpyMeHTY A7 €peKTHBHOTO YIIPaBIiHHS iHPOPMAIII€I0, MOHITOPUHTY MPOIIECIB
Ta ONTHMI3allil BUTPAT MPOTATOM KUTTEBOTO MUKy OyaiBHUNTBA. Lleit miaxin BimnoBigae 3aranpHiil TenaeHNii mudposizarii
y OyniBenbHill ramysi. 3anporoHOBaHO MiIXO/H, IO CIPHSIOTH CTBOPEHHIO XKHTJIA, SIKe HE JIUIIE BiITOBIa€ CyJacCHUM €KOJIO-
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Introduction

The work analyzes the suitability of residential and
public buildings, which must be comfortable and safe,
which are the initial environmental criteria. As you
know, these criteria must be ensured in the design of
one or another building, according to the purpose. To a
large extent, this refers to the comfort conditions of liv-
ing in low-rise buildings, since in such buildings the
number of apartments and the number of residents are
important. This is determined by the criterion that de-
fines functional comfort, as the ability of people to live
and communicate with each other in such a limited
space. An important aspect of ensuring environmental
sustainability is the constructive and planning solutions
of architectural objects in such a space [1].

At the current stage of society's development, more
and more attention is paid to the search for constructive
solutions to ensure a healthy lifestyle. The cluster ap-
proach of forming the project of an innovative low-rise
building under the conditions of ensuring ecological
criteria, the principles of green construction by the flow
method of raising buildings from ecological materials
and quickly assembled modular elements is substanti-
ated and developed [2, 3].

The main positive aspects of the cluster approach are:

- permanent participation of scientific and research
and development sectors in the activities of the cluster;

- shortening the period of bringing innovative product
units to the market;

- the formation of more stable logistic connections be-
tween enterprises;

- increasing predictability and predictability of cash
flows;

- significant reduction of financial and credit risks;

- expansion of the sales market;

- growth of incentives to increase labor productivity;

- determination of the enterprise's share in the final
innovative product and the integrated economic effect.

Research results

The housing fund of Ukraine is in an unsatisfactory
state from the point of view of fuel and energy effi-
ciency. According to energy surveys, in residential
buildings of mass construction of the past years, heat
losses through the walls are 42%, through the windows
- 16%, through the roof - 7%, through the basement -
5%, in the process of air exchange - 30%. (Table 1).
In fact, the efficiency of thermal energy use in Ukrain-
ian buildings is 3-5 times lower than in Western coun-
tries. Thus, according to experts' estimates, the specific
consumption of heat and hot water in Ukraine is two
times higher than that of EU member states with similar
climatic conditions. The average specific energy con-
sumption for heating per year in Ukraine is 264 kWh
per square meter, while in EU countries - 130 kWh per
square meter [7].

Construction of new community territories should be
carried out exclusively using energy-efficient technol-
ogies during the life cycle [5].

Table 1 — Heat losses through the enclosing struc-
tures of buildings

Walls Win- | Roof |Basement| Air ex-
dows change

% % % % %

42 16 7 5 30

Innovations in the organizational and production pro-
cess during the construction of urban planning objects
are a necessary condition for the transformation of the
company's activities, which are accompanied by signif-
icant financial and time costs. Clusters make it possible
to reduce such costs both at the stage of changing the
structure of organizational and production processes
and at the cost of current financial, organizational, tech-
nological and infrastructural transactions when produc-
ing a joint construction product by the flow method of
construction. [4]

The organization of construction production based on
cluster models provides for the following areas of sci-
entific and production activity:

1. Construction organization - a system of formation
or selection of a production enterprise (complex of en-
terprises) included in a cluster designed to fulfill the as-
signed task.

2. Planning — development of a system of linking con-
struction and installation works, providing the con-
struction process with material and technical re-
sources.

3. Management —a system of compliance with design
and estimate indicators and operational management of
changes.

4. Quality control of construction and assembly, en-
gineering and finishing works - a system of quality con-
trol of the supply of construction materials, structures
and equipment, as well as the performance of the re-
spective types of work.

Construction theory and practice distinguishes three
main methods of construction of buildings and struc-
tures: sequential, parallel and flow [6].

With the sequential method of construction, each ob-
ject of urban planning is erected after the completion of
all works on the previous object. This method of work
performance by crews carrying out various construc-
tion processes is accompanied by forced interruptions
in work.

It is possible to start and finish construction processes
on all objects at the same time. In this case, the con-
struction time of all objects will be equal to the con-
struction time of one object, but significant material
and technical resources will be required. This method
of conducting construction and assembly works is
called a parallel method of construction.

The flow method of construction and assembly works
in the development of territories according to the Com-
prehensive Spatial Development Plans (Fig. 1) com-
bines sequential and parallel methods, preserving the
advantages of both methods and eliminating the disad-
vantages.
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Reducing the cost of the final construction product
gives competitive advantages to cluster formations.
The frequency of mutual contacts between the subjects
of the cluster with the flow method of construction is
so dense that their interaction goes from a purely pro-
duction to a social-cooperative aspect, strengthening
moral and ethical obligations and joint responsibility
for the quality of the final result.

The cluster approach allows small and medium-sized
construction firms to consolidate without losing their
legal and financial autonomy, promotes the develop-
ment of the middle class, gives clusters greater flexibil-
ity and speed of decision-making, which is not charac-
teristic of larger bureaucratized companies. [2] Multi-
plication of cluster participants in production and geo-
graphical aspects integrally forms the most optimal
composition of the material, technical and executive re-
source base for the construction of a building object as
a separate commodity unit with specified operational

parameters, at a fixed price, in a specific UTC of
Ukraine, at a specific time [1].

The cluster method of territory development involves
the use of BIM technologies, as a new approach to dig-
ital information management, which is used in con-
struction and urban planning and involves the collec-
tion and complex processing of all architectural, de-
sign, technological, economic and other information
about the object. Thanks to their application, it is pos-
sible to virtually reproduce the object even before its
construction begins, to monitor the life cycle processes
of the construction object - from design to its construc-
tion, operation and dismantling. This approach makes
it possible to increase the safety and reliability of build-
ings and structures, implement operational manage-
ment of construction processes and control the quality
of construction works, significantly reduce the proba-
bility of errors in projects, reduce the cost of construc-
tion and optimize costs at the operational stage.

Figure 1 - Bucha Techno Garden project for the development
of the territory of Bucha united territorial community, Kyiv region

An example of the organization of innovative con-
struction production is the cluster form (Fig. 2) of the
branch of the Academy of Construction of Ukraine "In-
tersectoral Scientific and Production Cluster of Innova-
tive Construction".

The important aspects of ensuring environmental sus-
tainability are the constructive and planning solutions
of architectural objects in a given space. The following
requirements are put forward to the main volume-plan-
ning and constructive means of greening buildings:

- application of rational planning and construction so-
lutions (in accordance with specific climatic condi-
tions);

- maximum use of underground space;

- using the protective properties of the terrain;

- construction of "ecohouse" and "intelligent build-
ing" houses;

- landscaping of all surfaces of the building (walls,
roof) and the surrounding area.

To ensure these conditions, an analysis of the suita-
bility of residential and public buildings was carried out
with the use of classical parametric system analysis and
structural synthesis. Those buildings must be comfort-
able and safe, which are the original ecological criteria.
As you know, these criteria must be ensured in the de-
sign decisions according to the purpose of the building.
To a large extent, this refers to the comfort conditions
of living in low-rise buildings, since in such buildings
the number of apartments and the number of residents
are important. This is determined by the criterion that
defines functional comfort, as the ability of people to
live and communicate with each other in such a limited
space. Such a house should have low energy costs,
making the most of the circle of quality and comforta-
ble living (Fig. 3) [1].
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Figure 2 — Graphic structure of the cluster of the Academy of Construction of Ukraine
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Figure 3 — Schematic diagram of creating an ecological and energy-efficient house

Effective and rational means in the field of energy-
saving architectural and planning solutions include:

- simplification of the configuration of buildings (re-
duction of the area of enclosure structures relative to
the total area);

- construction of attic floors in existing buildings;

- optimization of architectural forms in accordance
with climatic features;

- optimal orientation of buildings to wind and sun.

Simplifying the configuration of buildings is relevant
because it allows to reduce heat exchange with the en-
vironment due to the reduction of the area of contact
surfaces. Hence, priorities shift towards greater values
of life, the search for ways and means of survival of

humanity under the conditions of progressive deterio-
ration of the ecological and social situation. In this re-
gard, they are actively revising the traditional attitude
to both man and nature, searching for new spiritual
foundations for further civilizational development,
forming new ideals of human activity and a new under-
standing of the human perspective. The solution of the
mentioned approach and the adoption of appropriate
decisions are implemented in the proposed comfortable
and energy-saving eight-apartment building with the
symbolic name "BIDEN", including the rationally con-
sidered aspects of anthropometry and psychology of
human behavior in such a space (Fig. 4).
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Figure 4 — General view of an ecological
and energy-efficient building with
the symbolic name "BIDEN"

Special attention is paid to the psychological aspect,
which is demonstrated in specific constructive solu-
tions. The accepted condition is the well-known state-
ment that the psychological aspect is related to the fact
that space is evaluated by a person in terms of distances
and orientation: large spaces can "separate" people, and
small rooms cause a feeling of discomfort. Figure 5
shows the spatial model of the house of the "Biden"
project.

—

Figure S — Spatial;model of the house
of the BIDEN project

In the proposed innovative project, for the first time
in a low-rise building, the maximum use of the under-
ground space, which can actually be attributed to the
elements of underground urbanism, is realized. The
presence of a reinforced concrete shelter under the
house against possible artillery, rocket or small arms at-
tacks is essential to preserving people's lives and health.
That is why the basement of the "Biden" house is made
as a monolithic reinforced concrete structure of the
floor and walls with a reinforced monolithic floor of the
basement part of the house, which is 80% submerged
below the ground level. This makes it possible to save
basement structures from shock waves or ruptures. An
important parameter of quality shelter is also the pres-
ence of an additional exit, so as not to get trapped under
the debris of construction structures.

The BIDEN project provides for an exit through an
adjacent room located at 90° from the first one. Finish-
ing of the basement is at the residential level: polymer
seamless floor coverings; high-quality painting of the
walls and ceiling, ceramic heating panels with digital
temperature control; LED lighting; the possibility of in-
stalling bathrooms. In peacetime, the premises can be
used as an office, gym, dressing room, food pantry, etc.
Entrance to the shelter/basement from one's own plot of
land. All 8 basement rooms of the house are equipped
with ventilation systems with recuperation, fire extin-
guishers, axes and long-lasting battery lights.

Plants are an important means of greening buildings
and the architectural environment as a whole. It is gen-
erally known about the ability of plants to absorb car-
bon dioxide and produce oxygen, to protect buildings
from wind and noise, that is, to improve the quality of
the ecological parameters of the environment. In addi-
tion, plants have a positive effect on the psycho-emo-
tional state of people, mitigating the aggressive effect
of the urbanized environment. Because of this, a ten-
dency to green all surfaces of the building arose and is
actively developing in the world. Buildings and struc-
tures organically connected with living nature (with a
green roof, walls, etc.) are called biopositive.

During the reconstruction of the existing building and
the construction of new biopositive structures, it is ad-
visable to provide archophytomelioration measures:
landscaping of basement floors (biopositive construc-
tions of extensions and plinths, creation of phytoscreen-
ing wall coverings, etc.); landscaping of all free areas
of the territory and above-ground territories above the
objects of underground urbanism; vertical landscaping
of walls (verandahs, terraces, ampelous coverings,
hanging systems); winter gardens inside the buildings
[9].

Ecological architecture involves energy saving, the
use of ecologically compatible building materials and
structures, the use of alternative energy sources and the
correct disposal of waste.

Conclusions

The research presents a cluster-based approach to in-
novative low-rise building projects with a strong em-
phasis on environmental sustainability and green con-
struction principles. The study underscores the urgent
need for energy-efficient housing solutions in Ukraine,
given the significant energy consumption gap with EU
member states. The integration of cluster models into
construction processes offers numerous advantages, in-
cluding shorter time-to-market for innovative products
and enhanced logistic connections. The flow method of
construction, combining sequential and parallel meth-
ods, proves to be a viable approach for cost reduction
and cooperative synergy within cluster formations.

Additionally, the utilization of Building Information
Modeling (BIM) technology emerges as a pivotal tool
for efficient project management and cost optimization.
This study contributes valuable insights into sustaina-
ble building practices, aligning them with the evolving
societal needs for healthier, greener, and more energy-
efficient living spaces.
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Determination of the vibrating table kinetic energy
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The article determines the total kinetic energy of the vibrating table, in which the vibrator is fixed on a lever vertically in the
center under the vibrating plate. To find the total kinetic energy, a kinematic diagram of the vibrating table under study was
drawn up, and the functional dependence of the vibrating table total kinetic energy on the factors acting on it obtained. A graph
of the change in the vibrating table kinetic energy under study was drawn depending on the lever length, on which the vibrator
was fixed. The analysis of the resulting dependence indicates an increase in the kinematic energy of the vibrating table with an
increase in the lever length. The obtained kinetic energy is necessary for the development of an above-mentioned equipment
mathematical model, which will be compiled later using Lagrange equations of the second kind

Keywords: vibrating table, lever, vibrator, imbalance, degree of freedom, kinetic energy
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B crarTi npoBOaNTHCS BU3HAYEHHS 3aTalbHOI KIHETUYHOI €HEPTii TEXHOJIOTIYHOTO KOMITIEKTY 00JIaJHaHHsI [Tl BAPOOHUIITBA
0eTOHHUX BHPOOIB (BIOPOCTOIY), y IKOTO BiOp030yIKyBad 3aKpIlUTIOETHCS Ha BayKelli BEPTUKAIBHO MO LEHTPY i BiOpOIum-
Tor0. JlaHe 0OnaqHaHHS BUKOPHCTOBYETHCS IJIsl BUTOTOBICHHS ManorabapuTHUX OeTOHHHUX BUpoOiB. [Ipn BUKOHaHHI J0CTi-
JDKeHb OyJIM BUKOPHUCTaHHI METOIM MaTeMaTHIHOI (i3UKH Ta (Hi3NKO-MaTeMaTHYHE MOJISIIIOBaHHS METOJaMH MPUKIIATHOT Me-
xaHiku. {1 BU3HAYCHHS MTOJIOXKEHHS 1 OMUCY BUIBHUX PYXiB MaTepialbHUX Tij, 3 IKHX CKJIAJA€ThCs PO3TIIAyBaHa MEXaHiYHA
cucTema, Oylia 3aCTOCOBaHA OPTOrOHANBHA BiOpalliliHa cucTeMa BiUTiKY 3 TPhOX CUCTEM KoopauHaT. [ 3HaXOKEHHS 3ara-
JIbHOT KIHETUYHOT SHEPTiI, 1[0 € CYMOIO KIHETHYHHX SHEPTiil AeKiTbKOX MaTepiaIbHUX TiJ - IUTMTH, KOPIYCY BiOpo30ymKyBaua,
nebanaHca 1 €eMHOCTI 3 OETOHHOIO CyMIMIIIIo, Oylla CKJIaJieHa KIHEeMaTHYHa cXeMa JTOCHiKyBaHOTO BiOPOCTONY i OTpUMaHa
(hyHKIIOHATBHA 3aJIeKHICTh 3aralbHOI KIHETHYHOI eHeprii BiOpocTomy Bix nitounx Ha HEOTO (pakTopiB. ByB moOymnoBanwmii rpa-
(hik 3MiHH KIHETHYHOT €HepTii JOCHTIHKyBaHOTO BiOPAIiITHOTO CTOITY 3aJIeKHO BiJl JOBKUHH BaXKellsl, Ha SIKOMY 3aKpIiILTIOBABCS
BiOp030yIKyBad, 13 BpaxXyBaHHSIM HOMIHAIBHUX YHCEIbHUX 3HAYCHD BEUUiH MapaMeTpiB BiOpocTory. AHami3 oepkaHoi 3a-
JIOKHOCTI BKa3ye Ha 301IbIICHHS KIHEeMaTHYHOT eHepril BIOPOCTOTy pH 301IbIICHH] TOBKUHH BaXKEIs, 1110 MiATBEPIKYE ede-
KTHBHICTb Ba)XIIFHOTO 3aKpilUIeHHsT BiOp0o30ymxyBaua. L{e B CBOIO uepry nmpu3BOAMTH A0 3MEHIICHHS SHEPrOBHUTPAT IIiJ| Yac
BIOpOYIIiTbHEHHsI OETOHHUX BHPOOIB 3a PaXyHOK 3MEHIIEHHS MOTY>KHOCTI BUKOPUCTOBYBAHOTO ISl YIIINEHEHHS BiOp030y-
oKyBada. OTprMaHa (QyHKI[IOHaNbHA 3aJISKHICT KIHETHYHOT eHepril Tako)k HeoOXiHa A CKIIaaHHs B OAANBIIOMY MaTe-
MAaTHYHOI MOJIEeNT BHIIE3TaJaHoro O0IaIHAHH 32 JOTIOMOTOI0 PiBHSHB JlarpaHka Ipyroro poay

KiiouoBi ciioBa: BiOpOCTifI, Baxijib, Bibparop, AedayaHc, CTYMiHb BUTBHOCTI, KIHETHYHA EHEpPTis
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Introduction

Vibration is the most common method of compacting
concrete composites [1,2]. More than 90% of all con-
struction products made of concrete and reinforced
concrete are made using this method of concrete mix
compaction [3]. This is explained by the fact that in the
process of vibrational action on concrete mixtures, fa-
vorable conditions for thixotropic rarefaction and the
most compact placement of aggregate particles are cre-
ated [4,5].

The modern development of construction requires the
introduction of the latest technologies and the installa-
tion of engineering equipment for various purposes ac-
cording to the criteria of energy minimization and high
efficiency of the technological process. There are a
huge variety of vibration machines used in construc-
tion, which differ in design and purpose. And, above
all, great attention should be paid to the development
and implementation of energy-saving technologies and
equipment.

A review of various vibration equipment designs
shows, that in the manufacture of a wide concrete prod-
ucts range equipment with the required operating pa-
rameters used, with the help of which high-quality vi-
bration compaction of the concrete mix is achieved. In
order to find out the influence of individual parameters
of the developed by us technological set of equipment
for the manufacture of concrete products [6] on the
movement of its working body and energy consump-
tion, it is necessary to determine the kinetic energy and
make a mathematical model of this mechanical system.

Review of the research sources and publications

Extensive use of vibration technology, numerous theo-
retical and experimental studies of the dynamics of vi-
brating machines made it possible to identify the features
of their work, to explain and put into practice the peculiar
effects that occur during the action of vibration on me-
chanical systems [7,8,9]. Therefore, a lot of research and
development is devoted to this issue [10,11], which re-
veals such advantages of vibration equipment as high
sealing efficiency, simplicity of design, high reliability
and relatively low metal consumption and energy inten-
sity. One of the priority directions of construction vibra-
tion equipment development is to reduce energy costs in
production. Energy saving technologies along with in-
creasing productivity and improving product quality oc-
cupy a priority place in modern construction.

In our case, we need to create a vibrating table, which
by placing a vibration exciter on the vertical lever under
the vibrating plate would save energy in the manufacture
of concrete products by reducing the power of the vibra-
tor while maintaining the required parameters of vibra-
tion compaction.

Definition of unsolved aspects of the problem

It is necessary to make a mathematical model of the
developed and constructed vibration table according to
the kinematic scheme, that has not been used before, hav-
ing previously determined its kinetic energy.

Problem statement

The purpose of this work is to obtain the functional de-
pendence of mechanical system total kinetic energy, that
simulates a vibrating table with a vibrating exciter placed
on a vertical lever under the vibrating plate. This func-
tional dependence of kinetic energy is necessary for the
analysis of technological factors, in particular the length of
the lever, having an impact on the energy intensity of this
mechanical system, as well as for further compilation of a
technological equipment set mathematical model for the
manufacture of concrete products (vibrating table) us-
ing the Lagrange equations of the second order.

To achieve a certain goal, it is necessary to solve the
following tasks:

1. Create a kinematic diagram of the vibrating table
with a vibration exciter placed on a vertical lever under
the vibrating plate.

2. To determine the kinetic energy of individual ma-
terial bodies composing the vibro-table.

3. Formulate the functional dependence of the total
kinetic energy of the vibro-table on the factors affecting
it.

4. Build a graphical dependence of the change in the
kinetic energy of the vibrating table under study de-
pending on the length of the lever on which the vibra-
tion exciter is fixed.

Basic material and results

To clarify the general trend of vibration table for the
manufacture of small-sized concrete products individ-
ual parameters influence on the movement of his work-
ing body, as well as the mutual influence of the vibrat-
ing table individual nodes movement let us consider it
as a mechanical system, get this mechanical system a
mathematical model, and solve it.

The general view of the technological set of equip-
ment for the concrete products manufacture (vibrating
table) is shown in Fig. 1.

Figure 1 — General view of the technological set
of equipment for the manufacture
of concrete products

Technological set of equipment (subsequently vibrat-
ing table) consists (see Fig. 2) from the plate / with
dimensions 2a;x2b; in projections and thickness 24,
which rests on a fixed supporting surface with the help
of four elastic elements with rigidity C each. To the
plate 1 lever 2 is rigidly attached with length yer, to the
lower end of which is also rigidly attached mechanical
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centrifugal imbalanced oscillator exciter (vibrator), de-
balancing shaft axis of rotation 4 which, at rest, the vi-
brating table is parallel to the longer axis of symmetry
of the plate 1. On shaft 4 imbalance 5 rigidly fixed, the
rotation of which generates, provides and determines
the working technological movement of the vibrating
table under consideration. On plate 1 symmetrically
placed and rigidly fixed technological tank for concrete
products molding.

Undoubtedly, the primary source of operation for the
vibrating table used in the production of small-sized
concrete products is the rotation of the unbalanced shaft
4 with imbalance 5 of exciter, parameters and charac-
teristics of which completely determine the structure,
magnitude and effectiveness of the dynamic action on
the processed medium [12].

To obtain a mathematical model, let us use the
Lagrange equations of the second order [13]

4} o _o
o4, ’

dt oq,
where T — kinetic energy of a mechanical system.

To find kinetic energy 7 let us consider in Figure 3
the kinematic scheme of the vibration table, as a me-
chanical system consisting of a plate 1, which is the
working body of the vibrating table and which we will
consider as an absolutely solid body in the form of a
homogeneous rectangular parallelepiped with mass m;.
The external restraints that limit the movement of the
slab are elastic elements (springs), with distances be-
tween vertical longitudinal axes equal to 2a and 2b
(see. Fig. 2). Lever weight 2 ignored. The exciter con-
sists of its body 3, which we take for an absolutely solid
homogeneous hollow circular cylinder with a mass ms,

1,2,....s), (1)

inside which the debalanced shaft 4 has the ability to
rotate (the mass of which is also neglected) with an im-
balance5 located on it, with mass m and eccentricitye.
Central longitudinal axis of the body 3 of exciter deter-
mines the rotation axis position of its debalancing
shaft 4.

In a first approximation, the container fixed on the
slab, together with the concrete mix to be molded, will
be considered as a homogeneous solid with mass mg in
the form of a rectangular parallelepiped dimensions
2asx2bex2hs, which is rigidly attached to the plate 1
(see Fig. 2).

Thus, the considered vibration device is modeled by
a mechanical system consisting of four material bodies.

During the direct vibration action, which determines
the process of manufacturing (molding) concrete prod-
ucts, material bodies 1,3 and 6 carry out complex spa-
tial movements that can be considered as free.
The movement of a free solid can be decomposed in
many ways [14] for two movements: a) translational
motion together with an arbitrarily selected fixed point
of the body, which is called the pole; b) spherical mo-
tion around this pole.

To determine the position and description of the free
motions of material bodies of the mechanical system
under consideration, we apply an orthogonal vibration
reference frame [15], which consists of three coordinate
systems: fixed Oxyz and movable Cx%%”and Cxiyizi.
Start of count O of system Oxyz let us associate with
the center of plate 1 inertia C in the position of mechan-
ical system static equilibrium, which is shown in the
Figure 2, by aligning the corresponding coordinate axes
with the main central axes of plate inertia.

4 3 tank
tank = = 2b,
- 0 1y | = "
- . i - - C - cx ! [ 3
- ‘I' b e
Y 4 | 1 3 '
== @,
A AL AT o, WL
2a,
. 2a .
[
e @ I
tank
X Q S
(-' If"l
o | 1
@ y @ q

I 1
v

Figure 2 — Vibrating table for the manufacture of concrete products
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Figure 3 — Kinematic scheme of the vibrating table

The origin of both moving coordinate systems moves
with the point C; In this case, the system Cx % Z moves
progressively, so that its axes remain parallel to the
axes of the fixed coordinate system, and the system
Cx1yiz; rigidly bound to the plate 1. In the static equi-
librium position of a mechanical system, all three coor-
dinate systems coincide, and when a mechanical system
moves, a point C uniquely characterizes the motion of
the center of inertia of a plate relative to a fixed coordi-
nate system Cxyz.

Euler's angles of rotation of the moving system rela-
tive to the fixed one will be replaced by vibrational an-
gles of rotation ¢, fand y (Fig. 4), where:

e o specifies the plate rotation angle 1 (or movable
system Cxyizi) in the frontal coordinate plane
Cx %z’ around the axis Cy’ or (which is the same)
around a fixed axis Oy with angular velocity d¢;

e [(—plate 1 rotation angle in the profile plane Cy %’

around the axis Ox with angular velocity f3;

v — plate 1 rotation angle in the horizontal plane

Cx %’ around the axis Oz with angular velocity 1.

Figure 4 — Vibration count system

When moving a mechanical system, vibration angles
a, [ and w acquire only small values, which distin-
guishes them favorably from Eulerian angles, in which
only the nutation angle is small, and the angles of pre-
cession and self-rotation may not be small. Vibration
angles are of the same order and are given by periodic
trigonometric functions; corresponding angular veloci-
ties d, £ and v are same order with angular velocity

w = ¢.

Such assumptions make it possible to significantly
simplify the process of determining kinetic energy and
obtain a simpler mathematical model, which describes
with a high degree of accuracy the position and move-
ment of any point and individual material body of the
table under study.

Since the mechanical system that simulates the vibrat-
ing table consists of four material bodies, its kinetic en-

crgy
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T=T1+T5+T1s+Ts, 2

where T1, T3, Ts, Ts — accordingly, the kinetic energies
of each of the bodies.

To find 77 let's choose the center of inertia beyond the
pole C of plate 1; then by Koenig's theorem [16]

T, = m 'Vc2~ n 142 "012-(21 )
2 2

Where v. — point speed module C;
w142 — plate 1 instantaneous angular velocity module
around the axis (2, of instant rotation, which in the con-
sidered position of the mechanical system passes
through a point C;
1,0, — axial moment of plate inertia 1 relative to the
instantaneous axis 2.

Due to the fact that the origin of the moving reference
frame is chosen in the plate 1 inertia center, then [17]

2

m 1
T =71Vc2 +E(11x1a)12x +[1yla)12y +]1z]0)122) )

where I, I1y,, I17,— accordingly, the plate 1 inertia
moments relative to coordinate axes Cxi, Cy: and
Cz1; w1y, W1y 1 @y, — projections of instantaneous an-
gular velocity @;,, on the corresponding axes of the
fixed system Oxyz.

Next, we note that w,, = £, wyy = a and wy, = Y,
and with the coordinate method of determining the

point motion [18] module v, = /véx + v, + V%,

where V¢ = X¢, V¢y = Y¢ and v, = Z — vector pro-
jections ¥ to the axis Oxyz. Then
vé = x¢ +y¢ + 2E
Substituting all the above values, we finally get that
m .2 .2 )
h=—@c+ye+ic)+
’ G)
+ﬂﬂz+[1)ﬁdz+ﬁl/}z ’
2 2 2

To find 73 we choose the center of inertia for the pole
C; of the exciter body 3. Similar to the definition 7; we
get that

my 5 1 2 2 2
I = TVQ "‘5(13)(3‘03)( +1, 03, + 15, 03;) .

Since the plate 1, lever 2 and body connected rigidly,
then according to the concepts of theoretical mechanics
these three different physical bodies are one material
body, because of which

w3x:w1x:ﬁ’

oy, =, =a,

oy, =0y, =Y
Absolute speed [19] vector U5 of body mass center 3
Ve, = Vze + Vyrs

where V¢, and U, — respectively, the vectors of
portable and relative velocities of the point Cj.
Since portable movement is free, then

- _ = -
Vgze = Vgge1 T Vggezs

where ¥¢, 1 — pole velocity; U, .,— point velocity Cs
in its spherical motion around the pole.
Since a point is chosen as the pole C, then

- - - 5 - . T .
vcselzvczl-xc+]-yc+k-zc.

To find ¥, let's apply vibration angles and depict
body 3 inertia center Cs (see Fig. 5) in three orthogo-
nal projections, where £ = CC5 = £y + (61 + R3);
R; — outer body radius 3.

Let's write §C3e2 as the sum of three addends

Veger = Uaxy T VUsyz + Vsyzs
where V3, U3, and U3,,, — vector projections ¥g,e, to
planes xy, yz and zx

Figure 5 — To determining a portable speed U ., and U¢_,
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From Figure 5 it is obvious that the velocity modules
V3y; =B 2, 3y = a - £ and v3y,y, =1 -0=0,and
the corresponding projections on the specified planes:

Vi, = J V3 ccosPrk vy, sinf=

=j-B-l-cosB+k-pB-1-sinB

Vi :—l?-vm -cosa +I€-v3XZ -sina =

=—i-a-l-cosa+k-c-l sina '
Adding, we get that

§C3ez =—l7-d~l~cosa+]-,3-l-cosﬂ+

+k-(a-1-sina+B-1-sinB)

‘_;Cje:;(xc'd'l‘cosa)"'j()./c+ﬁ'l'00sﬂ)+
+l€(z'c+d-l‘sina+ﬂ.-l-sinﬁ) '

Since the plate 1, lever 2 and body 3 connected rig-
idly, then any movement of the point Cs relative to the
point C absent, which is why ¢, = 0, and

ve, =ik, -a-l-cosa)+ j(y, +f-1-cosf )+
+k (¢, +c-1-sina+ f-1-sinB) '

Squaring the resulting expression and substituting the
value vé into the formula of kinetic energy 73 for body
3, we get

T :O.5m3(ykc2 +y? +z'02)—m3 X, a-cosa+

+my-1-y,-f-cosf+my-1-2, - -sina+
Ch : “4)
+my-l-z, - fB-sinf+0.5m; -1 6* +

22 -2 2
+0.50, -7 +0.505, -a”+0.51;; -y~
Choosing center of Inertia Cs as pole of material

body 6, similar to the definition 73 we consistently es-
tablish that

T =0.5m6()'c62+y3+z'f)—m6-l6-)'cc - -cosa —
—mg-lg-y, - f-cosfrmg-lg-z,-a-sina -
—mg-lg-z, - f-sin B +0.5mg-Ig -a* - %)
—mg-lg 2, -a-f-sina-sinf+0.5mg-I2 - f* +

+0.51¢, 2 +0.51, -6’ +0.51, -y,

To determine T let's decompose the complex move-
ment of imbalance 5 on portable with the body 3 and
relative movement with respect to the specified body.
Portable movement is free. The relative motion of the
imbalance is rotation with angular velocity w = ¢.
By Koenig's theorem

Ty =0.5m-v; +0.515- ¢,

where /’5— moment of imbalance inertia 5 relative to the
axis passing through its center of mass parallel to the
axis of rotation of the debalancing shaft 4.

Vector 1765 of absolute velocity of the imbalance
center of mass 5

- - -
Ves = Vege + Vegrs (6)

Since portable movement is free, then
UCSe = stel + vCSeZn (7)

where 17C531 — pole velocity;
1_5c592— center of mass imbalance velocity 5 in its spher-
ical motion around the pole.

To simplify rather complex and cumbersome calcula-
tions, we apply a coordinate method for determining
motion and its kinematic characteristics.

Since a point is chosen as the pole Cs, then

Ve, = Ve, =1 (X, -a-1-cosa)+

+]0>C+,B-l-cosﬂ)+ ,
+1€(z’c +a-1-sina+ f-1-sinf)
To find ¥, we will use vibration angles and for
clarity we will depict schematically in the figure 6 the

imbalance 5 center of inertia Cs in three orthogonal pro-
jections, where e = C5Cs — its eccentricity.

1y 2 Z
8 A |}
a N
Vi . N C,
k 7 X" e 2
D Wy T § NNy
B o Uy B T a CN .. & X X
. S NAVAS V,é el
0] < G 4
: = = 1
e-sing Cs aC Usy: V' )

4

Figure 6 — Decomposition ﬁCSeZ into three components

22 Academic journal. Industrial Machine Building, Civil Engineering. — 2 (61)' 2023



Let's write now ¥¢_e, as the sum of three terms:

VUtge2 = VUsxy + Usy, + Usyzs (®)
S S S . S Lo .
where Vg, , Usy, and Us,,, — velocity vector U, projections to coordinate planes xy, yz and zx.
From Figure 6 it is obvious that the velocity modules

Vsyz = B-e, Vs, =d-e-cosp and Vsxy = Y - e - sing,
and the corresponding projections on the speciﬁed planes
Usy, = J * Vsy, - COSP + k- sy, - Sing = - B-e-cosp + k- B -e-sing,
Vgyy = —L * Usy,COSA + k- VsyzSiN@ = —1- @ - ecospcosa + k-a- ecos¢sina,
Vsxy = —1* VsxyCOSY — J - Vsyysing = —7 -1 - esingcosyp — J - 9 - esingsinyp.
Substituting these values in formula (8), and the values of §C5e1 and ﬁCSeZ in formula (7), we have

ﬁcse=?-(xc—d-{’-cosa—d‘e-cosqb‘cosa—l,l}-e-sinqb'cosz,b)+
47 [yc+B-€-cosp+pf-e-cosp—1-e-sing - simp| +
+E-[Z'C+0'c-{’-sina+d-e-cos¢-sina+ﬁ’-t’-sinﬁ’+B-e-sin¢].
Since the relative motion of the imbalance is rotational, then (see Fig. 7) the module v¢ , = C3(5 - w =€ - ¢,
and a vector

Vegr =f-vcsr-cos¢+ﬁ-vcsr-sin¢ =j-¢-e-cosp+k--e-sing.

!

z

3

_ 3 d

S- @ Y
“ o
S e Ve
& P @

Cj\'\_

5 | -
q-sinQ

Fig. 7. To determine the relative speed ﬁcsr of an imbalance

After substitution ﬁcse and V¢, into formula (6), squaring and substituting the value Ucz's into the formula of
kinetic energy 75, we get

Ty =2 G2 + 92 +28)
-m-f-X;-&-cosa—m-e- xC @ - cosa - cosp —m-e-x; - - cosy - sing +
+m-4£- yc B-cosf+m-e-y-B- cosd)—
—m-e-y.--simp-sing+m-e-y.-¢-cosp +
+m-£-Zc-a-sina+m-£€-z;-f-sinf +
+m-e-Z.-d-sina-cosp+m-e-z.-f-sinp+m-e-z;-¢-sing —

m 2 2 52 m 2 2 2
—5-3 -a‘-cos2a+m-f-e-a -cosd)—?-e -a“-cos“¢ - cos2a +

m . . m .om .
+E-fz-,82+m-{’-e-,82-cos(,[>’—¢)+—-ez-[>’2——-ez-wz-sin2¢+
+m-€%-a- /)’ sina -sinf +m-£-e-d-f -sina - sinf - cosg +
+m-f-e-a-f-sina-sinp +m-£-e-d-y-cosa-cosy -sing +

m
+m-£-e-a-¢-sma-sm¢)+7-e - - - sina - sin2¢ +

m . H . m . H . .
+?-ez-a-¢-cosa-cos¢-sm2¢+5-ez-a-q.’)-sma-std)—

—-m-£-e-f-1-cosf-simp-sing+m-£-e-f-p-cos(f—¢)—
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m . .
—?-ez-ﬁ-lp-sinlp-sin2¢+m-ez-ﬁ-¢—

. . h2
~Z.e2-4p- - simp - sin2¢p + =, ©)
Substituting values (3), (4), (5) and (9) to the formula (2), and having performed legitimate transformations, we

get that the kinetic energy of the vibrating table

M M
—[mg+m)-£+mg-€g] - Xc-d-cose —m:-e- X a-cosa-cosp —
—m-e-%c--cosy-sing + [(mz +m) - € —mg-£s] - Ve - B - cosp +

+m~e-jzc~,[5’-cos¢)—m-e~yc-(/}~sint//~sin(/)+
+m-e-yc-¢p-cosp+ [(mg+m) € +mg L] zc- - sina +
+m-e-Zc-d-sina-cosp + [(mz +m) - £ —mg - 5] - 2 - B - sinf +
mg - €2 + mg - £2
2

+m-e-Z.-f-singp+m-e-z; - -singp + a?—
m-£* o m-e?
-ac-cos2a+m-£-e-a*-cos¢p —

- @? - cos?¢ - cos2a +

2

ms+m) -£2+mg-£2+m-e? . .
+( & ) 3 6 ¢ “pE+m-L-e-B*-cos(B—¢)—
m-e? . .
T <% -sin?¢ + [(mg + m) - €2 —mg - 2] - @ - B - sina - sinf +

+m-£-e-a-f -sina-sinf - cos¢p +
+m-f-e-a-f-sina-sing+m-£-e-a--cosa-cosy -sing +

L . m-e?
+m-f-e-a-¢-sina-sing +

- - B - sina - sin2¢ +
2 52

+m2 - -1 - cosa - cosy - sin2¢) + @ - ¢ - sina - sin2¢ —
—-m-£-e-f-1-cosp-sinp-sing+m-£-e-f-¢-cos(f—¢p)—
P I ., I

m-e

5V esiny sin2p+— P AR A4

where M = m; + m3 + my + m — the total weight of the vibrating table;

Ly = Lix, + Izx, + loxg, Iy = Ly, + 15y, + Iy, and I, = I, + I3, + g, — reduced moving part iner-
tia moments of the table relative to the corresponding axes.

As an example of the application of equation (10), we construct a graph of the change in kinetic energy 7' of
vibrating table under study, which it is able to reproduce depending on the length of the lever £, , to which the
vibration alarm is fixed in the center under the vibrating plate. For construction, the mathematical program
"Mathcad Prime" was used and taking into account the nominal numerical values of the greatness of the parameters
of the vibrating table, which are included in the equation (10) (See. Table. 1).

Table 1 — Nominal parameters of the vibrating table.

Ne Parameter name Denomi- Unit of measure Size
nation

1. Mass of vibrating plate mi kg 170

2. Mass of the excitor ms3 kg 10

3. Mass of imbalance m kg 2

4. Mass of load with form me kg 50

5. Imbalance eccentricity e m 0,03

A vibration excitor UB-99bY?2 was used (power N=0,5 Kw, frequency 50 Hz, rotational speed n = 3000 rpm,
acting force P =2,5 KN), which was fixed to the vibrating plate in size Za X2b= 1,6 m X1,3 m, thru the lever.
Lever length €., was accepted equal accordingly 0; 100; 200; 300 mm based on constructive images.

The plot is shown in Fig. 8. The dependence curve increases, which confirms the effectiveness of the lever
fastening of the vibrating device to the vibrating table.
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0 50 100

Fig 8. Graph of the change in the Kinetic energy of the vibrating table T, which it is able to introduce
when compacting concrete products, depending on the length of the lever £,

Conclusions

To obtain a mathematical model of the developed design
of the vibrating table, we proposed to use the Lagrange
equation of the second kind. This method is the most
common method used in solving problems regarding
the motion of mechanical systems.

The considered vibrating table was modeled by a me-
chanical system, which consists of several material bodies
- plate, vibration exciter body, imbalance and tank with
concrete mix. To determine the position and description
of the mechanical system above-mentioned material
bodies free motions under consideration, an orthogonal
vibration reference system from three coordinate sys-
tems was used.

The total kinetic energy of the vibrating table was de-
termined, which is the sum of the kinetic energy of the
four material bodies that make up it.

This functional dependence of the total kinetic energy
will later be used to compile a mathematical model of

the vibration table in the Lagrange equations of the sec-
ond kind, with the help of which it will be possible to
analyze the influence of its constituent parameters — ge-
ometric and kinematic — on the process of compacting
the concrete mix to reduce energy consumption during
vibration compaction of products.

As an example of the application of functional de-
pendence, a graph of changes in the kinetic energy of
the investigated vibration table depending on the length
of the lever was constructed, on which the vibration ex-
citor was fixed. Analysis of the obtained dependence
indicates an increase in the kinematic energy of the vi-
brating table with increasing lever length. The lever
made it possible to create conditions for successful
power transfer from the vibration excitor to the table
without unforeseen losses.
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The problem of reducing the negative impact of vibration on staff and equipment and their compliance with sanitary standards
is always relevant for construction vibrating machines with vibration exciters of various types and modes. So, in practice,
vibration isolation of vibroactive elements of vibrating machines and technological equipment is applied using systems with
quasi-zero stiffness. This article highlights the results of experimental studies of changes in the elastic qualities of vibration
support parameters at different pressure levels and changes in the length of the free part of the elastic element. Therefore, the
construction of a vibration support with a limiter of the free part of the elastic element was developed. The stiffness of the
support changes as a result of changing the free part of the support with metal limiters. The results of the search experiment
showed that the deformation of the rubber element is carried out according to a law close to the linear one. Therefore, a
mathematical model in the form of regression was built to conduct the main experiment and process the obtained data. The
obtained regression equation makes it possible to establish the dependence of the shrinkage of the support when the pressure
on it changes and the height of the free part of the elastic element.

Keywords: vibration amplitude, vibration support, vibration isolation, vibration platform, vibration exciter

OOrpyHTYBaHHS JOUIIBHOCTI 32CTOCYBAHHS BiOpauiiiHuX onop
3i 3SMIHHMMH IapaMeTpamMu
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12,3 HanionansHuii yHiBepcuTeT «IlonTaBchka mosiTexHika iMeni FOpis Kongparioka»
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IIpu cTBOpeHHI BiOpamiiHIX MalIMH 3 BiOp030yIHUKaMHU Pi3HUX THIIB 1 COCOOIB il 3aBXK/AM aKTyaJbHOIO € TIpoOIIeMa 3MEH-
LIEHHS HEraTMBHOTO BIUIMBY BiOpamii Ha mepcoHan Ta oONagHaHHA Ta iX BINNOBIAHICTH caHiTapHUM HopMmaM. [l ii
PO3B’s13aHHS Ha MPAKTHUIl 3aCTOCOBYIOTh BiOPOI30JSAIiI0 BiOPOAKTUBHHUX €JIEMEHTIB BiOpAIIfHUX MAIIMH I TEXHOJOTIYHOTO
00aHaHHS 3 BUKOPUCTAHHSAM CHUCTEM i3 KBa3iHYJILOBOIO JKOPCTKICTIO. 30KpeMa, Y BIOPOIUIONIaIKaxX i3 KIACHYHOIO TBOMACO-
BOIO CHCTEMOIO BiOpOi30IIsIist MAIIMHY Bif yHIaMeHTy abo poO0oYOro opraHy Ta paMu 3[iH{CHIOETHCS LIIIXOM 3MIiHHU KOPCT-
KOCTI mapaMeTpiB X BiOpauiifHux onop. B cTaTTi BUCBITIIIOETHCS Pe3YIBTaTH EKCIIEPUMEHTATBHUX JOCIIPKEHb 3MIHU TPYXK-
HUX BJIACTUBOCTEH MmapaMeTpiB BiOpamiiHOi ONOPH MPH Pi3HUX 3HAYCHHIX HABAaHTA)KECHHS Ta 3MiHH JIOBKHHHU BUTbHOT YACTHHU
MpYKHOTO eJeMeHTa. BimnosigHo Oyia po3pobieHa KOHCTPYKIisS BiOpoomopu 3 0OMeKyBadeM BUIFHOI YaCTUHH MPY>KHOTO
exeMeHTa. [Ipu HepiBHOMIpHOMY PO3IIONTY HABAaHTaXXKEHHSI Ha BiOpaIiiiHy MaIlliHy 3aIpOIIOHOBaHA KOHCTPYKIIiS OMIOPH JI0-
3BOJISE MiAIOpaTH MapaMeTpH KOPCTKOCTI 1S ii piBHOMIPHOT poOOTH HIISIXOM 0OMEKEHHSI BUCOTH POOOYOT YACTHHU OIOPH.
YKopcTkicTh omopH 3MIiHIOETBCS BHACIIIOK 3MiHM BiJIbHOT YaCTHHHU OTIOPH METAJICBUMH OOMEXyBauyaMH. 3 METOI0 OTPHUMaHH:
JIOCTOBiIpHOT MaTeMaTHYHOI MO/IeJi eKCIIEPUMEHTAJIbHI TOCHIKEHHS IPYHTYIOTBCS HA METO/IaX MaTeMaTHYHOTO [UIaHyBaHHS
EKCIIepIMEHTY Ta MaTeMaTHYHOI CTATUCTUKH. Pe3yJIbTaTH MOIIYKOBOTO EKCIIEPUMEHTY TOKa3aiu, o AedopMallisi F'yMOBOTO
SJIEMEHTY 3/IMCHIOETHCS 32 3aKOHOM, OJIM3BKHUM JI0 JiHiHOT0. ToMy 1UIsl MPOBEACHHS! OCHOBHOTO €KCIIEPUMEHTY Ta 00pOOKH
oJlepKaHUX JaHUX M0OYJOBAaHO MaTeMAaTHYHy MOJIENb y BUIIAIL perpecii. Po3paxoBaHi 3HaueHHs KoeillieHTIB perpecii me-
peBipeHo 3a kpurepieM CrhrogenTa. OTpuMaHe piBHSIHHS Perpecii 103BoJIsie BCTAHOBUTH 3aJI€XKHICTh yCAIKU ONIOPH IIPH 3MiH1
HABAHTA)XCHHs Ha Hei Ta BUCOTH BIJIbHOT YaCTHHH TPYKHOTO €lIeMEHTa. 32 OTPUMAHHMH JAaHUMH MOXKHA MPHUITYCTHTH, IO
3MIHIOIOYH JKOPCTKICTh MPYKHOT BiOpaIiifHOI OMOPH, MOYKHA 3MIHIOBATH B OTPIOHUX MEXaxX aMIUNTYXy BUMYIICHUX KOJH-
BaHb PyXOMOI YaCTHHY BiOPOIUIONIAAKY BiAMOBIHO, 3a0€3MeuyBaTH NOTPIOHY AKICTh YIIIbHEHHS O€TOHHOT CyMili.

KurouoBi ciioBa: ammiitya BiOpokosiBaHb, BiOpamiiiHa omnopa, BiOpoi3ousiis, BibpamiitHa ruomiaaka, Bibpo3oymkyBayd
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Introduction

The development of the construction industry in our
country and abroad is impossible without the creation
of high-performance energy-saving machines and
equipment. The technical operation of machines for the
production and compaction of building materials
(sieves, vibrating plates, conveyors, vibrating stands,
etc.) causes vibrations, which inevitably increases the
intensity and widens the spectrum of their vibration
field’s negative effects. Vibration in machines contrib-
utes to the growth of dynamic pessure in structural ele-
ments, joints and connections, causes the formation and
increasing the number of cracks, decreases the load-
bearing capacity of structural parts, and has a negative
impact on the health of staff [1]. Problems of vibration
isolation of dynamic objects arise in almost all branches
of modern technology. The use of vibration isolation
for vibroactive elements of machines allows to reduce
the negative impact of vibration on technological
equipment and technical staff.

In construction engineering, vibration isolation sys-
tems installed between the source of vibration and the
protective object are widely used to protect against the
dynamic effects of vibrating objects [1,2]. It is better to
use passive vibration isolation systems to protect from
the harmful effects of vibration in practice. as simple
and economic version.

The main characteristics of passive vibration isolation
systems are the frequency of their own oscillations and
load-bearing capacity (reaction to static preasure) [3].
The lower the frequency of natural oscillations of the
vibration isolator, the wider the range of frequencies of
the disturbing force in which the action of the vibration
isolator is effective can be. However, in linear vibration
systems, ensuring the load-bearing capacity of the vi-
bration isolator is usually accompanied by an increase
in its overall dimensions.

Non-linear systems with quasi-zero stiffness are also
used for the construction of anti-vibration systems with
a low natural frequency of oscillation [4]. These sys-
tems are distinguished by the fact that in the working
range they have a gentle section of the force character-
istic and, therefore, have a comparatively low stiffness,
while maintaining a high load-bearing capacity in the
equilibrium position. This allows such systems to be
used as a vibration isolation for objects of large mass,
effective at low vibration frequencies [5], although
their construction may cause certain technological dif-
ficulties.

An urgent task that requires a solution is the usage of
systems with quasi-zero stiffness is to ensure vibration
isolation of structural elements of technological equip-
ment with vibration processes and unbalanced moving
joints [4,6].

Review of Research Resources and Publications

A significant number of scientific developments are
devoted to the study of the influence of the parameters
of elastic vibration supports on the characteristics of vi-
brations of moving parts of vibrating machines [7].
In particular, one study emphasizes that one of the im-
portant characteristics that determine the amplitude of

vibrations of the concrete mixture is the stiffness of the
elastic support. Also, in the scientific thesis it is stated
that the stiffness of the elastic vibration supports is one
of the key parameters for determining the amplitude of
vibration movements of the points of the movable
frame of the vibrating platform [8].

Oscillations in different configurations can be
achieved by adjusting the stiffness of the support in the
horizontal and vertical directions and accordingly
choosing the trajectory that best meets the process con-
ditions [9].

Definition of unsolved aspects of the problem

The characteristics of vibration supports are selected
in accordance with the mass, size and frequency param-
eters of the equipment being isolated, as well as in ac-
cordance with the conditions of its fixation [10].
In most cases a classic two-mass system is imple-
mented for building vibrating construction machines,
since it makes it possible to isolate the machine from
the foundation or from the working body and frame.
Depending on the mass of the sealing medium or the
mode of operation of the vibrating machine, there is a
need to change the parameters of the vibration supports
by changing their stiffness. This can be achieved by re-
placing elastic elements with others with other stiffness
parameters. However, this effect can also be achieved
by changing the length of the free part of the elastic
support element. Therefore, there is a need to study the
change in the elastic properties of the support depend-
ing on the length of its free part.

This article examines the question of changing the
stiffness of the support by installing auxiliary variable
bushings of different heights without replacing the sup-
port itself. At a constant value of the mass of the sealing
medium, reducing the length of the free part of the elas-
tic element of the support, as is known, leads to an in-
crease in its stiffness, and vice versa. As a result, their
rigidity changes for the same design of the supports.

Problem statement

The purpose of this article is to highlight the results
of the study of changes in the elastic properties of the
parameters of the vibration support at different preasure
values and changes in the length of the free part of its
elastic element.

Basic material and results

The elastic supports of vibrating platforms simultane-
ously perform several functions. The most important of
them are the perception of the force of gravity from
those parts of the vibrating platform that are in oscillat-
ing motion and their isolation from the foundation.

It is known that the quality of concrete mixture com-
paction depends on the vibration parameters of the
moving part of the vibrating platform [11,12]. The main
parameters that affect this are the amplitude and fre-
quency of oscillations of the moving part of the vibrat-
ing platform. Also, the moving part of the vibrating
platform is in a state of forced oscillations, the fre-
quency of which is set by the vibration exciter, and the
amplitude depends on the mass of the moving part with
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the mixture and the stiffness of the elastic parts of the
vibration supports [13]

In addition, a change in the stiffness of vibration sup-
ports affects the amplitude of oscillations of the moving
part of the vibrating machine [14], which follows from
equation (1):

A= Jo , )

\/(a)g —a)z)z +45°0*
where 4 — displacement amplitude of the working
body;
fo =Fo/m 5
o — natural cyclic frequency of forced oscillations of
the working body;

p=b/2m;
b — coefficient of dissipative viscous resistance;
) k
Wy =—, 2
m

where k — stiffness coefficient of the elastic support;
m — mass of vibrating parts of the vibrating platform.

From equations (1) and (2) it follows that with an in-
crease in the cyclic frequency wo of the free oscillations
of the system under the action of an elastic force, which
is caused by an increase in the stiffness k of the elastic
support at a constant mass m of its vibrating parts, the
amplitude A of the forced vibrations of the moving part
of the vibrating machine will be decreasing.

In addition, according to these equations, the ampli-
tude of forced oscillations of the working body depends
indirectly on the mass of the vibrating part of the vi-
brating platform, if its other parameters do not change.

In production conditions, there are often cases when
products of different nomenclature are formed on the
same vibrating platform [10, 11]. This means that the
masses of molding products fluctuate within certain
limits, which also negatively affects the quality of seal-
ing.

Taking into account this circumstance, we come to
the conclusion that elastic supports, which have design
possibilities for operational changes of their parame-
ters, in particular for changing stiffness, allow to select
the necessary amplitudes of vibrations of the moving
part of the vibrating machine during the formation of
concrete products of various nomenclature, which en-
sures the proper quality of compaction for the accord-
ing concrete mixtures.

We proposed the construction of an elastic support
(Fig. 1), consisting of a rubber cylindrical hollow cen-
tral part, lower and upper sleeves and variable metal
limiters of the working height of the support. As elastic
elements of vibration dampers, we suggest using rubber
cord sleeves [15].

Limitations of the working height of the support are
proportional to the amplitudes of oscillations of the
working body or the moving frame of the vibrating plat-
form.

With uneven distribution of the load, the proposed de-
sign of the elastic support allows, by limiting the work-
ing height of the support, to select such parameters of
its stiffness that ensure uniform operation of the vibrat-
ing platform.
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Figure 1 — Diagram of a vibration support
with limiters of the free part of
the elastic support element
H — support height; H; — working height of the support;
h; — limiter height 1, high 50 mm;
hy — limiter height 2, high 40 mm;
h; — limiter height 3, high 30 mm.

In order to study the elastic qualities of the support of
the proposed structure, experimental measurements of
support shrinkage were carried out within the ranges of
changes in the initial factors - the load on the vibration
support and the height limitation of the free part of its
elastic element (Fig. 2), and the statistical processing
and analysis of the obtained experimental data was car-
ried out.

The methods of mathematical planning and mathe-
matical statistics were applied during the experimental
studies in order to obtain a reliable mathematical model
of the elastic support [16].

Measurements of support shrinkage were carried out
in the ranges of change of the initial factors described
above, the numerical values of which are shown in ta-
ble 1.

The results of the search experiment showed that the
deformations of the elastic element of the support sat-
isfy the conditions of dependence close to linear. There-
fore, a two-factor linear experimental design was
adopted for the main experiment.

Table 1 — Ranges of change of initial factors

Factor values
Code Code ergfrie
value Xi (load) parto
elastic sup-
port)
The main 0 35 75
level
Yarlatlon AXG 45 25
interval
Upper + 130 100
level
Lower ) 40 50
level
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Figure 2 — Measurement of the load
on the vibration damper with a limiter

The experimental planning matrix and obtained
measurement results are shown in table 2.

Table 2 - Implementation
of the experimental plan

Experi- Inter-
ment ) Y, Y» Y3 Yo
No plan action
X1 | Xo | XiX2
1 + + |+ 7,9 8 7,85 7,92
R - + |- 26 |27 |25 2,6
B + - - 5,9 5,4 5,6 5,63
U - - + 1,9 1,7 1,9 1,83

The implementation of this experiment and the pro-
cessing of the obtained data allow obtaining a mathe-
matical model of elastic support in the form of a regres-
sion equation (3):

y=bot+ b1 Xi+ b Xo+ b3 X1 X, (3)

where y — support shrinkage;
bo, b1, ba, b3 — regression equation coefficients.

As a result of the calculations, the numerical values
of the regression coefficients were obtained:

bo = 4,5;

b1 =12,28;
by =0,76;
b3 =0,38.

The calculated values of the regression coefficients
were tested for significance according to the Student's
test and found that all of them are significant.

So, the required regression equation has such
form (3):

y=45+228X1+076 X2 +0.38X; X5, (4)

The resulting equation establishes the dependence of
support shrinkage on changes in the external preasure
on it and the height of the free part of the elastic support
element.

This equation was tested for adequacy by the Fisher
test. It was established that the difference between the
corresponding values of the experimental data and
those calculated according to the regression equation
does not exceed the permissible limits and the regres-
sion equation reflects the real process of the vibration
support with sufficient accuracy.

The value of the elastic support shrinkage during the
experiment is given in table 3.

Corresponding graphs were constructed according to
the obtained dependence. Thus, the graph of the de-
pendence of the shrinkage of the elastic support on the
preasure during the absence of a limiter is shown in
(Fig. 3).

In order to determine the statistical relationship be-
tween the shrinkage of the elastic support and the preas-
ure applied to it, the correlation coefficient (5) was cal-
culated for each of the options for limiting the free part
of the support, which are presented in table 4.

Lo 2Dy covny), )
DL LD sl

The calculation was carried out using the Microsoft
Office Excel spreadsheet.

Thus, for the free part with a height of 100 mm,
75 mm, and 50 mm, accordingly, the correlation coef-
ficients exceed r = 0.99, which indicates the existence
of a statistically significant relationship between the
variables under investigation.
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Table 3 - Results of measurements

Shrinkage S,mm
No Preasure F,
" |H Free part, L=100 mm _ _
(Without restrictions) Free part, L=75 mm Free part, L=50 mm
1 |40 2,1 |27 2,8 1,9 2,1 2,1 1,5 1,6 1,7
2 |80 4,7 |55 5,5 3,9 4,1 3,9 3.5 3,6 3,5
3 1120 7,1 17,6 7,8 6,6 6,6 6,3 52 52 52
4 | 130 8,31 | 8,7 8,4 7,0 7,0 6,7 5,8 5,7 5,7
10
Table 4 — Correlation coefficients ’ .
Correlation coeffi- ¢ :
Free part . 7 £
cient .
L=100 mm (without limiter) 0,997 7. !
L=75 mm 0,999 5
L=50 mm 0,999 . '
The coefficient of variation (6) for is also calculated, 0
which allows you to compare the level of variation be- ’ » “ Smen ™

tween different limit variants that have different values.

2

s
K, =—Lt100; (6)

S

m _ 2
Vi = Yi
o 2 ™
! m—1

where y;; — value of the optimization parameter in the

Jj-th parallel experiment;
y — the arithmetic average value of the optimization

parameter from m repeated experiments in each i-th ex-
periment;
m — number of parallel experiments.

The calculated values of the coefficient of variation
are presented in table 5, which do not exceed 10%.
So, we can talk about sufficiently high reproducibility
of measurement results during experiments.

Table 5 — Coefficients of variation

Coefficient of vari-
Free part .
ation
L=100 mm (without lim- 3.74%
iter)
L=75 mm 0,47%
L=50 mm 0,48%

Figure 3 — Graph of the dependence of the
shrinkage of the elastic support under the preasure
with the absence of a limiter.

A mathematical model of support with two factors in
natural values was also obtained.

If in the above obtained regression equation (4) to ac-
cept:

_Fi-F, F -85

X, = ;
AF 45 )
S =8, S,-75
X2 = = ;
AS 25

then we obtain the functional dependence of the shrink-
age h; of the elastic support under the external preasure
Fi on the elastic support and on the height S; of the lim-
iter of the free part of the elastic element of the support:

h =—132+0,04 F +0,025, +0,00012F,-S, (9

Graphs of the dependence of the shrinkage of the vi-
bration support under the external preasure on the sup-
port at different values of the limiter are shown in
(Fig. 4, 5).
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Figure 4 — Graph of the dependence of the
shrinkage of the elastic support under the preasure
with a free part of 75 mm.
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Figure 5 — Graph of the dependence of the shrink-
age of the elastic support under the preasure with a
free part of 50 mm

Using the regression equation, it is possible to deter-
mine the shrinkage of the support at arbitrary values of
the external preasure and the height of the free part of
the elastic element within the above-mentioned ranges
of changes in the numerical values of these initial fac-
tors: force values - from 40 N to 130 N; the height of
the free part is from 50 mm to 100 mm.

Conclusions

1 It is described the method of changing the stiffness
of an elastic support by changing the linear size of the
free part of its elastic element with limiters of different
heights.

2 Experimental dependences were obtained to deter-
mine the shrinkage of the support while the external
preasure on it changes and the height of the free part of
its elastic element changes.

3 Practical value of the research is presented in des-
ined vibration resistance with variable stiffness param-
eters. By changing the stiffness of the elastic vibration
support, it is possible to change within the required lim-
its the amplitude of the forced vibrations of the moving
part of the vibrating platform or its moving frame and,
accordingly, ensure the required quality of compaction
of the concrete mixture.
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During the movement of a road train, the towing device takes on the load from one link of the road train and transmits it to
another. In the study of the processes of links interaction in real traffic conditions, a spatial system of forces acts on each road
train link and there is a need to bring them to the calculated plane. It is proposed to consider each link in a separate spatial
coordinate system, which is fixed with this link, and then, using the developed transition tables, to bring these forces to the
coordinate system, which is fixed with another link

Keywords: road train, traction and coupling device, trailer, rotation matrices, fixed and moving coordinate systems.

AHaJITHYHE JOCTiI’KEHHS IPOCTOPOBOI B3aEMOIl
JIAHOK aBTOMoOi31a Kareropii M1

Opucenko O.B.", Cxopuxk M.O.%, Kpusopor A.L>, Bipuenko B.B.”

1,2.3,4 HarionansHuil yHiBepcuTeT «IlonTaBchka nomitexHika iMeHi FOpis Konapatroka»

* Anpeca mns nuctyBanHsa E-mail: oleksandr.orysenko@gmail.com

ITin yac pyxy aBTOMOOIIEHOTO 110i3/1a B3a€MOIist MiXk HOTO OKPEMHMH JIaHKaM¥ BiJOYBA€ThCs Yepe3 TSAroBO-34iMHUN IPUCTPIH.
Cawme 1ieii By30u cripuiiMae Ha ceOe HaBaHTa)KEHHS BiJl O/IHI€T JJAaHKK aBTOIO13/1a Ta nepenae ioro 1o inmoi. ToMy BipHe BU3Ha-
YEHHs] BEIMYMHU Ta HANPSIMKY CWI, SKi BUHHKAIOTh B TATOBO-3YilTHOMY IPHCTPOI € aKTyaJbHOIO 33/1auelo, sKa JI03BOJISIE
BUPILIATH A IATAHb MOB’3aHUX 3 JOCIIDKCHHSIM eKCIUTyaTaIlifHuX BJIaCTHBOCTEH aBTOMOI3/a, TAKUX SK: TUHAMIKA PyXy,
TaJbMiBHI BIACTUBOCTI, MAJIMBHA €KOHOMIYHICTb, CTIHKiCTh, O€31eKa PyXy, 3pyUHICTh KepyBaHHS Ta psAA iHIIHX. Takox IIe €
Ba)KJIMBHM 1 I NMPOEKTYBaHHI HOTO OKPEMHUX J€TalleH 1 By3IIiB, TAKUX, HAIPHUKIIA[, K TATOBO-3UilHUI MpHUCTpiii. 3a3BHUaif,
MIPY JAOCTIKEHH] TUHAMI9HOI B3a€MO/IIi JTaHOK aBTOMOI3/1a Ta KIHEMaTHKHU HOTO pyXy 0OMEXYIOThCS INIOCKUMH PO3PaXyHKO-
BUMH CXEMaMH, sKi JIO3BOJIIIOTH PO3IIISLAATH NPOTIKaHHS IUX MPOLECIB JHIIe B OAHIH ruromuHi. [IpoTe, B peaqbHUX yMOBax
PyXy Ha KOXKHy JIaHKy aBTOIOI3/ia Jli€ MPOCTOPOBA CUCTEMA CHJI | BUHUKAE MOTPpeda y IX MPUBEICHHI 10 PO3pPaxyHKOBOI III0-
IIUHY. Y IPOTHIISKHOMY BUIAIKy OOJIK CKJIaJOBHX, 110 BIUIUBAIOTh HA B3a€EMOJIII0 JIAHOK Oy/ie HEIIOBHUM, a OTXKE | HeTOUHUM.
Jlns Oinblll MOBHOTO BPaxyBaHHsS CHJIOBOI B3a€MOJIl MiXK JJaHKaMM aBTOIOI3/1a NMPOMOHYETHCS PO3MIIANATH KOXKHY JIAHKY Y
OKpeMiil IPOCTOPOBIil cHCTEMI KOOPIMHAT, sIKa HEPYXOMO IOB’s13aHa 3 ILI€I0 JAHKOIO, a TIOTIM 3a JOMOMOTOI0 PO3POOIICHHX
TabMuIp Mepexoay NMPHUBOANTH IIi CHIIM 0 CHCTEMH KOOPAMHAT, IKa HEPYXOMO MOB’s3aHa 3 1HIIOIO JIAHKOIO. 3aCTOCOBYIOUH
TaKui MiJxin, Ha OPUKIAAi pO3paxyHKy JMHAMIYHUX HABAaHTAXKEHb Y TATOBO-34ilIHOMY MPHCTPOI aBTonoi3na kareropii M1 y
BUIIA/IKY BiIXHJICHHS HAPSIMKY HOro pyXy BiJi FOPH30HTAIFHOTO MPSIMOJIHIHHOTO MOKA3aHO, 10 JMHAMiYHHI BIUIUB IpUyena
Ha aBTOMOO1/Ib-TSIray BUSABIIITUMETBCS HE JIMIIE Y MOB3I0BKHBOMY HAaNPSIMKY, @ i y CKJIa/IOBHX IO iHIIUM OCSM MPOCTOPOBOT
CUCTEMHU KOOPAWHAT, 110 AO3BOJIAE€ IPOTHO3YBATHU BIUJIMB IPUYECTIA HA XapaKTEP pyXy aBTOHOT3}13 B LIiHOMy.

Kiio4oBi ciioBa: aBTONOI3/, TATOBO-3UilIHUIA IPHUCTPIii, MPUYil, MaTPHIli TOBOPOTIB, HEPyXOMa Ta PyXoMa CHCTEMH KOOP/IHU-
HaT.
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Introduction

The study of the road train links interaction today re-
mains an urgent task. This is due to the fact that this
interaction determines the nature of the movement of
the train as a whole and affects such indicators as: mo-
tion dynamics, braking properties, fuel efficiency, re-
sistance, traffic safety, ease of operation and a number
of others [1]. It is also necessary to take into account
the load on the power plant, the transmission of the trac-
tor car and the towing device, which determines their
wear, reliable and trouble-free operation during the es-
tablished service life.

Given that this interaction occurs through a towing
device, it can be argued that knowledge of the magni-
tude and direction of the forces applied by one of the
links of the road train to the towing device makes it pos-
sible to predict how the other link and the road train as
a whole will react to this influence.

Therefore, the correct determination of the magnitude
and direction of the forces brought to the towing device
is an urgent issue, since it allows solving a number of
problems related to the design and operation of road
trains.

Review of the research sources and publications

The interaction of the links of the road train during
movement is devoted to a number of works by domestic
and foreign scientists. The issues of determining the
stability indicators of road trains of category M1 are de-
voted to the work [2-4], the development of the trains
mathematical model movement is devoted to the work
[5, 7], and simulation of his work is considered in [6, 8,
9]. The study of braking processes is devoted to the
work [10].

The study of the loads influence of the towing device
on the category M1 road train movement stability dur-
ing transient driving modes is given in the work [11].

In work [12] systems of differential equations are
given, which take into account the law of change in the
force arising in the towing device in the case of using
the usual and dynamic drawbar of the road train trailed
link. It is also shown that the cause of longitudinal dy-
namic loads in the towing device is the oscillations of
the trailer in the longitudinal vertical plane.

This interaction of the links of the road train is ex-
plained by the fact that any spatial system of forces that
affect a separate link of a road train can be led to one
equilibrium, which is then decomposed into projections
along the axes of the spatial coordinate system [13].
Since the power interaction between the links of the
road train is carried out through a towing device, it be-
comes necessary to bring the equilibrium projections of
the forces spatial system to this particular device and
decomposition on the projections along the axes of the
spatial coordinate system associated with this device.

In the preparation of differential equations given in
[12], the following assumptions are made:

— the traction car and trailer are absolutely solid bod-
ies that do not change their size in the process of move-
ment;

— the link that has elastic and dissipative properties in
this system is only a towing device;

— gaps in the towing device are neglected, given their
small size;

— the traction car and trailer move in a straight line;

— the traction car moves on a flat horizontal surface,
and oscillations in the longitudinal vertical plane are
performed only by the trailer.

Definition of unsolved aspects of the problem

The analysis of scientific papers devoted to the study
of the interaction of links of a road train shows that to
compile differential equations of motion or establish
kinematic dependencies, the authors use design
schemes that lie in the same plane — horizontal or ver-
tical. However, under real conditions, each of the links
is affected by a spatial system of forces in which a num-
ber of components do not belong to the calculated
plane, but affect the train movement nature.

Consideration of such components is possible pro-
vided that there is a mathematical model that allows
you to bring spatial forces to the axes of coordinate sys-
tems that are associated with each individual link of the
train.

Problem statement

The purpose of this publication is to highlight the re-
sults of a trailer influence analytical study on a traction
car, taking into account the spatial interactions of these
links on the M1 category road train example.

Basic material and results

In work [14] a table of transition between coordinate
systems is given, one of which is fixed with a traction
car and the other with a trailer.

The compilation of such a table is carried out on the
basis of the assumption that the traction car and the
trailer interact with each other through a traction cou-
pling device, which has the shape of a sphere and in
which there are no gaps. Under such conditions, the
translational movements of the traction car and trailer
relative to each other can be neglected and assume that
the mutual change in the position of these links is car-
ried out only in the form of deviations of one link rela-
tive to another at certain angles in the planes of the spa-
tial coordinate system. It is also assumed that while
driving, the tractor car is always on a flat horizontal sur-
face, and when overcoming road irregularities, only the
trailer changes its position.

The use of this approach allows you to carry out op-
erations with forces that affect one of the links of the
road train in its own coordinate system, and then, if nec-
essary, bring these forces to the coordinate system of
the other link.

When choosing the location of fixed and moving co-
ordinate systems, the requirements of SAE were taken
into account when describing the dynamic processes of
the car (Figure 1). In this case, a right-handed orthogo-
nal coordinate system is used, with a beginning in the
center of mass of the vehicle. It is assumed that this co-
ordinate system is motionlessly connected to the vehi-
cle and moves with it. According to the SAE conven-
tion, the axes of the coordinate system have the follow-
ing directions:
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— Ox— located in the plane of the longitudinal axis of
symmetry of the car and directed in the direction of its
movement forward;

— Oy - lies in the horizontal plane and is directed side-
ways to the right side of the vehicle;

— Oz — directed downward in relation to the vehicle.

Rotations around these axes have the following
names:

— p — rotate around an axis X (roll);

— g — rotate around an axis Y (pitch);

— r —rotate around an axis Z (yawning).

z
Figure 1 — Vehicle axle system according to SAE

In our case, the location of the coordinate systems is
as follows. We associate the beginning of the Oxyz co-
ordinate system with the center of the hinge of the tow-
ing device, which is rigidly connected to the traction car
and does not change its position relative to it while driv-
ing (Figure 2). The position of the coordinate axes of
this system is as follows: the Oy axis is horizontal and
is located along the longitudinal axis of symmetry of
the car and is directed in the direction opposite to the
movement; the Oy axis is also in the horizontal plane
and directed to the left side of the car; O axis pointing
vertically upwards.

Figure 2 — Coordinate systems of the car and
trailer in the initial period of time

The rotation from the Oy axis to the O axis is clock-
wise (left-handed coordinate system).

Another Oxyz coordinate system also originates in the
center of the hinge of the towing device, the direction
of its axes in the initial period of time coincides with
the direction of the axes of the Oxyz coordinate system,
but it is rigidly connected to the trailer and does not
change its position relative to it while driving. Thus, we
have two coordinate systems, fixed Oxyz and movable
Oxyz (in relation to the tractor car), which originate in
the center of the hinge of the towing device and coin-
cide in the initial period of time (Figure 2).

When driving, overcoming the irregularities of the
supporting surface, the trailer will change its position
relative to the car. The axes of the Oxyz coordinate sys-
tem will deviate from their original position, and there-
fore from the axes of the Oxyz coordinate system.

In this case, the change in the position of the links
relative to each other is conveniently represented as a
spherical motion.

As is known [13], with spherical motion, the position
of the body in space can be set using three coordinates,
which represent the angles of rotation of the moving
coordinate system relative to the fixed axes. Usually, a
moving coordinate system is associated with the body
under study, and a fixed one with the surface of the
earth, or a body that is mistaken for stationary. The axes
of both coordinate systems originate at the same point
and coincide at the initial point in time.

In work [14] it is shown that each of the rotations
around the axes of a fixed coordinate system corre-
sponds to a matrix that determines the position of the
axes of the moving coordinate system relative to the
stationary one. By introducing the following notation
of rotation angles around the axes of a fixed coordinate
system, « — rotation angle around axis Oy, £ — rotation
angle around axis Oy, y— rotation angle around axis Oz,
we obtain the rotation matrices given in the table 1.

In cases where the position of a moving body relative
to a fixed one is described using several turns, the re-
sulting matrix is used, which is obtained by multiplying
the matrices of individual turns.

In [14], the resulting matrix for the sequence of rota-
tions around the axes is given Oy, Oy, O (Figure 3) re-
spectively at angles «, £, y.

Figure 3 — The position of the moving coordinate
system relative to stationary with sequential execu-
tion of three turns around the axes OX, OY, OZ

This matrix will have the form

cosy —siny 0 cosff 0 sinf 1 0 0
siny cosy 0]|x 0 1 0 [x|0 cosa —sina|=
0 0 1 —sinff 0 cosp 0 sina cosa
cosf-cosy sina-sinf-cosy— cosa-sinf-cosy+
—cosa - siny +sina - siny
cos f-siny sina-sinf-siny+ cosa-sinf-siny —
- +cosa-cosy —sina - cosy
—sin 3 sina - cos B cosa-cos B
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Table 1 — Matrices of rotation
around axes Oyx, Oy, Oz

Rotate around an axis OX

7 e,
J ¢
A
/4
Q
¥
1 0 0
0 cosa —-sina
0 sina cosa

Rotate around an axis OY

£

cosp 0 sinf
0 1 0
—sinf 0 cospf

Rotate around an axis OZ

Z
\\y

a
X
- J
X
cosy —siny 0
siny cosy O
0 0 1

Transposing the matrix, we obtain a table of transition
between moving and fixed coordinate systems
(Table 2).

Table 2 — Transition table between moving and
fixed coordinate systems

Oci cricTeM

oxX (o) 0oz
KOOPIIHAT
Ox cos 3-cosy cos B-siny —sinf3
sina-sin B-cosy— | sina-sinf3-siny+ .
oy s ! A sinj sinae -cos B

—cosa-siny +cosa-cosy

cosa-sinf-cosy+ | cosa-sinB-siny —
0z i i cosa-cos B
+sina-siny —sine-cosy

The use of such a transition table allows you to bring
the spatial system of forces that affect the link of the
trailer to the associated coordinate system. In the future,
using the above table, you can bring the indicated
forces to the coordinate system of another link.

Since the product of the matrices is not commutative,
it is obvious that the transition tables between coordi-
nate systems will differ depending on the sequence of
rotations adopted. If we take into account that the rota-
tion around each of the axes of a fixed coordinate sys-
tem is carried out only once, then as shown in [14] there
are six possible variants of transition tables. The ques-
tion arises what will be the difference in the values of
the projections of forces on the axis of a fixed coordi-
nate system with different possible variants of the se-
quence of rotations and, accordingly, when using dif-
ferent transition tables?

For this purpose, a computational study was con-
ducted. The force, the value of which was convention-
ally taken as 100 units and the direction of action of
which in the moving coordinate system Oxyz coincides
with the axis Oh, is reduced to a fixed system Oxyz us-
ing the transition tables given in the work [14]. The an-
gles of rotation were also conventionally assumed to be
the same and with a magnitude of 0.2 radians. The cal-
culations carried out show that the choice of the matrix
does not affect the final result. The discrepancy in the
results lies within the accuracy of the calculations.

For an analytical study of the interaction of road
train links, we consider the case of the dynamic influ-
ence of a trailer on a tractor car during transient modes
of movement of a transport train, taking into account
the possible deviation of the road from the rectilinear
direction and the presence of bows in the transverse and
longitudinal directions.

We use the equation of dynamic interaction of the
links of the train, which is given in [12]. We neglect the
forces of dissipative resistance, since the task is to de-
termine the maximum possible loads.

~T-m,

ﬁ-(l—coskt), (1)

d
where T — traction force of the traction car;

F — trailer resistance force when towing;

m;, my — weight of traction car and trailer, respec-
tively;

k — trailer natural frequency;

t — time.

We use the transition table between moving and
fixed coordinate systems in the sequence of turns OX,
0Y, OZ (Table 2).

Then the component of the dynamic impact falling
on the OX axis of the coordinate system associated with
the tractor car is defined as
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X :M(l—cosk‘[)-cos%cosﬂ , (2
(m, +m,)
where y, B — angles of rotation of the axes of the
moving coordinate system relative to the fixed axes, re-
spectively; OZ, OY.

Component of dynamic influence per axis OY

. =M'(l—coskt)-siny'cosﬂ. 3)
(m, +m,)
Component of dynamic influence per axis OZ
p, =L MtEM ok sing. (@)
(m, +m,)

After analyzing equations 2 — 4, we come to the con-
clusion that the component of the dynamic load, which
in the coordinate system of the trailer had a direction
only along the OX axis, will affect the tractor car also
along the OY and OZ axes, which makes it possible to
take into account the vertical and transverse horizontal
dynamic components acting on the towing device.

So, for example, for a road train of category M1,
which includes a passenger car and a passenger trailer
with the technical characteristics given in Table 3, we
have the results shown in the graph (Figure 4). The cal-
culation of load values for possible sequences of turns
was obtained in the application Mathcad 15.

Table 3 — Brief technical characteristics of the traction
car and trailer

Ne | Name | Value
Car
1 Gross weight, m; kg 1595
2 | Design traction force on 7050
the drive wheels T, N
Trailer
1 | Gross weight m?, kg 700
2 | Design resistance to 686,7
movement F, N
Towing device
1 | Natural frequency of the 543,38
system, k
6x 10
5.255%10°, fn\ /o)\ /\
Pd(t)  4x10° \
PAX(t) \
T 3
PAY(t) 2x10 /
PdZ(t)
Pz V2NV,
0~ A1 - 002
—1.044x10°,
— 2¢10°
0 t 0.03

Figure 4 — Graph of the spatial load of the towing
device during the sequence of turns OX, OY, OZ

In order to determine the maximum and minimum
values of loads on the towing device for a given se-
quence of turns, we will check the function for ex-
tremes.

To do this, we find the first-time derivative of the
function, equate it to zero, solve the equation and sub-
stitute the found roots into the function equation.

We find the first-time derivative of function (1) at
constant values of quantities T = 7050; F = 686,7; m; =
1595; mp = 700; k = 543,38; a = 0,2; f =0,2; y=0,2.

dpP . .
J:k.sinkt.m. %)
dt m, +m,
We equate (5) to zero
K.sinkt. Lm0 (6)
m, +m,
Obviously, this function will be zero provided
sinkt =0, what is possible with
kt=rz-n, (7
where n eZ — Z the set of natural numbers, i.e.Z=1,
2,3, ...
Withn=1, timet,s
n
t=mr—. 8
: ®)
71— =5782-10". 9)
543,38
Then P, N,
7050700+ 686,7-1595 9
A (1595 + 700) . (10)
x(1—cos(543,38-5,782-107°)) = 5,255-10°
With n = 2 time will be t = 0,012.
Then the value of P, N,
P - 7050-700 + 686,7-1595
8 (1595 + 700) (11)

x(1—cos(543,38-0,012)) =0

Subsequently, with increasing values of n, the value
of P, will be repeated based on the frequency of the
function cos.

Find the maximum values of dynamic load projec-
tions P, on the axis of the fixed coordinate system
OXYZ, taking into account the spatial impact.

The projection onto the OX axis will have expression
(2). Then the first time derivative

P, -m, +F-m,

T—k-sinkt-cosy'cosﬂoT . (12)

Equating to zero (12) and solving the equation, we
obtain the value t = 5,782°1073 withn=1 and t = 0,012
withn=2.

With these t values, the value of the projection on the
OX axis will be Px = 5,084'10° N and P,x = 0.

We carry out similar calculations to determine the
values of the projections of the dynamic load P, on the
axis of a fixed coordinate system OY and OZ. For the
same values of angles of rotation, we have maximum
projection values P,y = 1,023'10° N, P,z =-1,044'10° N
withn=1and Py =P,z =0 withn=2.

We find the percentage ratio of individual projections
and dynamic load, which is obtained without taking

m, +m,
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into account the rotation of the coordinate system ac-
cording to the formula

P
S-100% (13)
For projection onto an axis OX, %
P -10°
y:%%g%4m%ﬂar (14)
For projection onto an axis OY, %
P, 1,023:10°
;Y =A§%%§%41%;-10096::19,5. (15)
For projection onto an axis OZ, %
P -10°
Zaz _w.loo% =19,9. (16)

P, 5,255-10°

Conclusions

Based on the calculations of the maximum values of
projections of dynamic loads in the towing device on
the axis of the fixed coordinate system with the se-
quence of turns OX, OY, OZ and graphical dependen-
cies are constructed (Figure 1) we come to the follow-
ing conclusions:
— in case of deviation of the direction of movement of
the road train from the horizontal rectilinear dynamic
effect of the trailer on the tractor car will be manifested
not only in the longitudinal component along the OX

axis, but also along other axes of the spatial coordinate
system;

— as a percentage, the magnitude of the projections of
dynamic impact at the angles of deviation of the mov-
ing coordinate system relative to a fixed one by an an-
gle of 0.2 rad is: along the OX axis — 96.7%, which is
the largest value among the projections; OY axis —
19.5%; on the OZ axis — 19.9% in the negative direc-
tion;

— The dynamic component that occurs during transient
modes of movement of a road train under these condi-
tions, in addition to loading in the longitudinal direc-
tion, causes a force effect on the tractor car also in the
lateral direction, which under certain conditions can
lead to skidding of the car;

— The vertical component of the dynamic impact has a
negative direction, that is, it is directed downwards and
will contribute to pressing the wheels of the rear axle of
the car to the supporting surface, which, in addition to
the positive effect for movement due to an increase in
the coefficient of adhesion of the wheels to the road,
has negative consequences, expressed in raising the
front of the car and, as a result, deterioration in handling
and adhesion of the drive wheels to the supporting sur-
face for front-wheel drive cars.
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The article briefly describes the main advantages and disadvantages of a rotary combustion engine as a car power unit and
considers the option of improving the engine performance specifications due to the use of hydrogen as a fuel. Analyzing the
researches, it was established the possibility of hydrogen rotary combustion engines safe work and improvement of the fuel
mixture combustion indicators. Hydrogen rotary engines have been found to have low emissions. A scheme for integrating the
hydrogen injection system into the design of a rotary internal engine is proposed. The operation of the apex seal between the
rotor and the engine block was studied by modeling. It is reasonable to assume that rotary engines equipped to run on hydrogen
fuel in the future can potentially be used as car power units, but today their design still needs further technological improvement.

Keywords: combustion, emission, fuel injection, hydrogen, rotary engine.

IlepcniekTHBYM PO3BUTKY POTOPHOIO ABUTI'YHA
SIK pyLUisi aBTOMOOi/151
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1:2.3.4 HanrionanbHuii ynisepcuter «IlonTaBcbka nonitexsika imeni FOpis Konaparroka»
*Anpeca ans nuctyBanHs E-mail: bogdanzubenko77@gmail.com

V crarTi KOPOTKO OIMCaHi OCHOBHI TIepeBar Ta HeJoNiku potopHoro [IB3 sk pyuris aBToM0O1Is Ta pO3IIISIHYTO BapiaHT Mo-
JIMIIEHHST XapaKTePUCTUK JIBUTYHA 32 PaXyHOK BHKOPHCTAHHS BOJHIO SIK MajMBa. AHANi3yrouM GaraTOpiuHi JOCIIJPKEHHS
II0JI0 3aCTOCYBaHHS BOJHEBOTO TAIMBA IS KUBICHHS POTOPHOTO JBUTYHA, BCTAHOBIEHO MOXKINBICTH Oe3aBapiitHoi poboTn
nmaHnx BoaHeBHX /B3 3a paxyHOK ocoOimBOCTEl iX KOHCTpYKIii. Takox 3’scoBaHO, IO 3aMiHa poOOYOro MaauBa (aKTHIHO
HiBEITIOE HEIOJIKY OB’ s13aHi 3 IOTaHUM 3TOPaHHAM O€H3MHO-TIOBITPSHOT CYyMIllli Ta BUKUAAMH ii HEAOTOPUIHX YaCTHH Y aTMO-
cdepy. HaBeneHo ormmc 0OCHOBHUX XapaKTEPUCTHUK BOJHIO (MEXi 3aiHMICTOCTI, MIBUAKICTE MOMIUPEHHS TOIyM's, TEMIIepaTrypa
caMmo3aiiMaHHsI Ta 1H.) Ta HOro TepeBary B MOPiBHIHHI 3 OCH3MHOBUM MAIMBOM MPH 3aCTOCYBaHHI B potopHoMy JIB3. Berano-
BJICHO, 11J0 BOJHEBI POTOPHI JIBUTYHH MalOTh HU3bKHI PiBEHb BUKHIIB y MIOPIBHSAHHI 3 OEH3MHOBUMH BEPCISIMH, TAKOX JUIS HUX
JIOLITBHO 3aCTOCYBaTH CHCTEMH pelupKysinii BuxsonHux rasis (EGR) mis monatkoBoro 3HIWKEHHS PiBHS MIKIIJIMBUX PEdo-
BHH Ta OTHOYACHO 3 TUM 301JIbIICHHS TEIIOBOI epeKTUBHOCTI. 3alIPOMOHOBAHO CXeMY MOJIIMBOI iHTEerpaii BOAHEBOT CUCTEMH
JKUBJIEHHS B KOHCTPYKIIifo poTopHOTO JIB3, m0 cKkiamaeThes 3 GopcyHOK Oe3M0CepeHbOro BIOPCKYBaHHS Ta (POPCYHOK 30B-
HINTHBOTO BIOPCKYBAHHS, Ta KOPOTKO OMHCAHO i po6oTy. Po3rsHyTO BUpimeHHS MpoOIeMu clabKoro KpyTHOTO MOMEHTY
POTOPHOTO JBUTYHA B Jiana3oHi HU3bKuX 00eptiB. HaBeneno nani 2022 poky CTOCOBHO BUPOOHHUIITBA Ta 3aCTOCYBAaHHS B aB-
TOMOOLTFHOMY TPaHCIIOPTi BOJHEBUX POTOPHUX JIBUTYHIB. JIOCIIIKEHO IUISTIXOM MOETIOBaHHS POOOTY BEPXiBKOBOTO YIIIiTb-
HEHHsI MiXK POTOPOM i IOBEPXHEIO KOPIYCYy IBUI'YHA 3 METOIO BU3HAYEHHsI 0OCATIB BUTOKIB pOOOYHMX Ta3iB Ta JOBEICHO, IO
BOHM He OyIyTh YMHUTH KPUTHYHUI BIUTHB Ha e(eKTUBHICTH ABUTYHa. OOIPyHTOBaHO, 10 00JIaaHaHi A1 poOOTH Ha BOHE-
BOMY HaJIMBI POTOPHI ABUTYHH B Mail0yTHbOMY, MOTEHIIIHO, MOKYTh BUKOPHCTOBYBATHCS SIK PYILIii TPAHCIIOPTHUX 3ac00iB,
IPOTE Ha ChOTO/HINIHIN JeHb JJaHa CHJIOBA YCTaHOBKA HE JIOCSIIIa CBOrO HAMKPAIIOro piBHS PO3BUTKY, 1l KOHCTPYKIIis BCE IIe
noTpeOye MOAANBIIOr0 TEXHOJIOTIIHOTO BJOCKOHATICHHS.

KurouoBi ciioBa: 3ropaHHs, BUKUIH, CUCTEMA JKUBJICHHS IBUT'YHA, BOJACHD, pOTOpHI/Iﬁ JABUTYH.
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Introduction

In the last years the use of hydrogen as an alternative
to fossil fuels for powering traditional internal combus-
tion engines is one of the promising directions for the
further road transport development. After all, the main
advantages of hydrogen fuel are high combustion effi-
ciency, high thermal efficiency and extended ignition
bounds, and its combustion produces sufficiently clean
energy. It is also important that there is a possibility of
generating this fuel from renewable energy sources.

In addition, hydrogen internal combustion engines
(HICE) require less investment to set up serial produc-
tion compared to hydrogen fuel cells (HFC) due to the
complexity of the manufacturing technology and the
high cost of their components, which contain precious
metals.

However, nowadays the wide implementation of pis-
ton engines equipped to work on hydrogen fuel in au-
tomobile transport is hindered by problems related to
the risk of abnormal fuel combustion. But unlike piston
internal combustion engines, the rotary engine can be
converted to operate on hydrogen fuel without the risk
of emergency modes. And it can be thanks to its design
features. In addition, it will make it possible to get rid
of some shortcomings those arise when using gasoline
fuel.

Review of research sources and publications

The first studies on the possibility of using hydrogen
as a fuel for a rotary engine began in the mid-70s of the
last century. In the early 1980s, German companies
Audi and FEV conducted research on the suitability of
hydrogen for rotary engines. It was determined that
with a light modification of the rotary engine, it is pos-
sible to use hydrogen as a fuel. At the same time, the
specific power of a rotary engine can remain as high as
that has a conventional gasoline piston engine [1].

Mazda Motor Corporation as a automotive manufac-
turer has been researching the technology of using hy-
drogen fuel in rotary combustion engines for many
years. In 1992, the company experimentally proved that
a rotary hydrogen engine with preliminary mixture for-
mation reaches a power of up to 63% of similar indica-
tors when working on gasoline, while a piston hydro-
gen engine with preliminary mixture formation reaches
only 50%. Also, in the case of a rotary engine, the in-
jection cycle can be easily implemented with an output
power at the level of 75% of the gasoline engine char-
acteristics [2].

In 2011, scientists from the Kyushu University Engi-
neering Faculty (Japan) together with Mazda engineers
focused on optimizing the combustion process of hy-
drogen fuel in a rotary engine by increasing the com-
bustion speed, increasing turbulence and changing the
place of combustion. The effectiveness of the turbu-
lence formation in the lower part of the combustion
chamber, which was created with the help of a protru-
sion located in the depression of the rotor side wall, was
proven, as it increased the flame propagation speed [3].

Among the latest scientific works on the use of hy-
drogen in engines, it is possible to highlight the study
of the abnormal combustion problem for this fuel in a

rotary engine and in a piston engine with reciprocating
piston movement (2022) [4].

Comparing a hydrogen rotary engine and a hydrogen
piston engine, the researchers found that the first one
can provide more power per chamber unit volume
while maintaining roughly the same efficiency. It was
also established that thanks to the physical and chemi-
cal properties of hydrogen, it is possible to significantly
reduce the emissions and improve the thermal effi-
ciency of the engine [5].

Definition of unsolved aspects of the problem

To fully realize the potential of the rotary mechanism
for the car engine, it is necessary to eliminate the main
shortcomings of its design. In the future, this will pro-
vide him with the opportunity to become one of the
promising power units in road transport.

Problem statement

The goal of our research is to analyze the possibility
of eliminating some shortcomings of the rotary engine
and improving its operational characteristics due to the
use of hydrogen as fuel. Assess the current situation
with the production and use of hydrogen rotary engines.

Basic material and results

We will take the design of a Wankel rotary engine as
a basis for the research. It is an internal combustion en-
gine and produces power similar to a conventional pis-
ton engine. The engine block parts form an insulated
space around the rotor and function similar to the cyl-
inders in a reciprocating piston engine. So the rotor ro-
tates and simultaneously performs the work that the pis-
ton, connecting rod and valves do together. A cross-
sectional view of the engine rotor mechanism is pre-
sented in fig. 1.

The rotor does not just rotate, but rolls with its inter-
nal toothed crown around the fixed gear, thus forming
three combustion chambers in which cycles of injec-
tion, compression, ignition and emission take place se-
quentially.

All the functions of the valve train in this engine are
performed by the intake and exhaust ports in the engine
block side walls and the rotor itself, which opens and
closes them in rotating movement.

Let's consider the advantages and shortcomings of the
design of gasoline rotary engines compared to piston
internal combustion engines.

Advantages:

1. Compactness and higher power-to-weight ratio
than a similar piston engine.

2. Ensuring the smoothness of the torque change
thanks to a short interval between working strokes.

3. More time for gas exchange (intake and exhaust) —
provides more torque at high revs.

4. Low vibration and noise.

5. Less weight of the engine.

6. Extended range of rotation frequency.

7. Serial production of engines has lower cost.

8. The engine is well suited for working on hydrogen.
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Figure 1 — Cross-sectional view scheme of the en-
gine rotor mechanism

Shortcomings:

1. The problem of working gases leaks between the
rotor apex seals and the engine block.

2. The need to control the level and condition of the
lubricant in the engine (under operating conditions, part
of the lubricant is burned together with the fuel).

3. The problem of uneven thermal load on the engine
body parts within the working chamber of the rotor.

4. Low torque in the low revs range.

5. Slow combustion of the working mixture.

6. Low fuel economy.

7. High emissions.

As can be seen from the above shortcomings, the clas-
sic gasoline rotary engine, despite its compactness and
universal design, is difficult to compete with gasoline
piston internal combustion engines in terms of fuel ef-
ficiency, while complying with today's strict environ-
mental standards. Thus, in 2012, due to non-compli-
ance with the Euro 5 environmental standard, serial
production of the Mazda RX-8 car, which was
equipped with the most advanced version of the gaso-
line rotary engine at the time, was completed [6].

However, since the design of the rotary engine is well
adapted to work on different fuels, over the years of re-
searches and experimentations, it has been found pos-
sible to eliminate the shortcomings associated with
poor combustion of the gasoline-air mixture and emis-
sions. This was realized by converting the engine to
burn hydrogen.

Hydrogen, as a fuel, has unique properties that ensure
stable combustion processes, even for highly diluted
mixtures. As a result, the combustion rate of the hydro-
gen-air working mixture increases and the overall en-
gine fuel efficiency improves [7].

Also, the hydrogen diffusivity not only ensures high-
quality mixture formation, but also in the leak event,
hydrogen quickly disperses in the air, preventing the
occurrence of dangerous situations. A comparison of

the hydrogen and gasoline fuel properties is shown in

Table 1 [8].
Table 1 — Basic properties of hydrogen and gaso-
line fuel
Properties Gasoline Hydrogen
Molar mass, [kg/kmol] 114 2.016
Theoretical ratio of air to
fuel, [ke/ke] 14.5 34.32
Density at 0°C and
760 mmHg, [ke/m’] 0.735-0.760 | 0.0899
lgnition — — J%mas. | 4853 141756
bounds in air at
20°C and | air ratio,
760 mmHg 3 1.1-0.709 |10.12-0.136
Flame propagation speed
in air (A=1) at 20°C and|0.12 2.37
760 mmHg, [m/s]
Octane rating 90-98 >130
Mm. ignition energy in 0.2-0.3 0.018
air, [mJ]
Auto-ignition  tempera- 753-823 48-853
ture, [K]
Lower heat- | Stoichio-
ing  value|metric
(gas at 0°C|fuel-air 3661 3178
and mixture,
760mmHg); | [kJ/m?]
[kl/kg] 42690 119600

Below is a description of the main characteristics hy-
drogen and their advantages in comparison with gaso-
line fuel when used in a rotary combustion engine.

Extended ignition bounds. Hydrogen has an extended
ignition bounds in air, which allows the use of enriched
or depleted mixtures. This property in combination
with high turbulence in the combustion chamber ex-
pands the rotary engine using possibilities. Thus, lean
fuel-air mixture operation results in better fuel econ-
omy due to more complete fuel combustion and lower
NOx emissions due to lower combustion temperatures.

Shorter extinguishing distance. Extinguishing dis-
tance is the distance between the cylinder wall or block
wall in the case of a rotary engine and the point where
the flame is extinguished. Hydrogen fuel has an extin-
guishing distance of 0.6 mm, while gasoline has an ex-
tinguishing distance of 2 mm.

High flame propagation speed. The hydrogen engine
has an almost ideal thermodynamic cycle due to the
high flame propagation speed when stoichiometric con-
ditions are ensured. Thanks to the rapid combustion of
hydrogen, the engine can operate at high revs, which
leads to an increase in power, but at the same time, its
economy decreases.

Minimum ignition energy. It is defined as the mini-
mum energy required to initiate fuel combustion. A hy-
drogen-air mixture requires a smaller energy by igni-
tion source compared to a gasoline-air mixture. The
minimum ignition energy of a hydrogen-air mixture is
0.02 mJ, while a gasoline-air mixture requires 0.24 mJ.

Academic journal. Industrial Machine Building, Civil Engineering. — 2 (61)' 2023

43



High auto-ignition temperature. The minimum tem-
perature at which the fuel ignites without the use of an
external ignition source is determined by the auto-igni-
tion temperature. For hydrogen, it is higher than for
other fuels, and is about 585 °C. Because of this, it is
difficult to initiate the combustion of hydrogen only
due to an increase in temperature, so an external igni-
tion source is necessary. Due to the high auto-ignition
temperature, a higher compression ratio can be used for
a hydrogen-powered engine compared to a gasoline en-
gine.

Regarding the emissions situation, the hydrogen ro-
tary engine produces very low emissions compared to
gasoline rotary engines [7]. And residual toxic sub-
stances in the exhaust gases, such as hydrocarbons
(HC), carbon monoxide (CO) and nitrogen oxides
(NOx) are cleaned when passing through a catalytic
converter.

Since in order to lubricate the rotor seals inside the
combustion chamber, it is necessary to constantly add
oil to the working mixture in small proportions. So a
CO-neutral solution would be the use of bio-oils or syn-
thetic materials.

To overcome the problem of uneven thermal load on
the engine block parts within the working chamber, the
use of an exhaust gas recirculation system (EGR) is
proposed in its working cycle. The thermal and dilution
effects of the EGR system reduce the temperature of the
rotor and block working surfaces inside the engine,
thereby reducing the amount of nitrogen oxides (NOx)
produced by the combustion of hydrogen. The EGR
system is also an effective factor in increasing thermal
efficiency and output power while simultaneously re-
ducing the emissions of harmful substances [9-11].

Separately, it can be noted that unlike piston engines,
a rotary combustion engine has separate low-tempera-
ture intake zones and high-temperature combustion
chambers, and it also have no exhaust valves, which are
a potential hot zone too. Accordingly, in a rotary engine
running on hydrogen, there is no risk of pre-ignition in
the part of the operating cycle when hydrogen is in-
jected. This makes engines more resistant to interrup-
tions in operation [4].

Also, the physical separation of the intake and com-
bustion zones allows for direct hydrogen injection, as a
safe temperature is provided for the rubber seals of the
hydrogen injectors. Thus, injectors can be installed in
the engine block next to the intake chambers for direct
injection [12].

Below in fig. 2, a scheme of the possible hydrogen
power system integration into the design of the rotary
combustion engine is proposed.

This scheme (fig. 2) shows that direct hydrogen injec-
tors are mounted in the upper part of the engine block
(one for each rotor) and inject fuel directly into the
working chamber.

This design assumes that air from the intake manifold
is sucked through a port in the engine block side into
the working chamber, where it mixes with atomized
gaseous hydrogen. And an additional external injection
system is installed on the intake manifold body in order
to ensure a higher quality working mixture at high revs.

Figure 2 — The main elements of the fuel injection
system and the exhaust system of a rotary engine
equipped to work on hydrogen:
1 — hydrogen injector (direct injection);
2 — hydrogen injector (external injection); 3 — spark
plugs; 4 — EGR system valve; 5 — electric throttle;
6 — mass air flow sensor; 7 — lambda sensor;
8 — catalytic converter

To overcome the problem of low torque in the low
revs range, it is recommended to install one or more
auxiliary electric motors. The electric motor will in-
crease the torque, which is low for initial acceleration,
until the engine revs up.

Such a solution was tested by Mazda engineers on one
of the experimental cars with rotary engine [13].

The hydrogen rotary engines advantages of the serial
production lower cost and the high efficiency of their
use can be made even more significant by conducting
research in this direction.

For example, Mazda company experimented with
various hydrogen injection systems for rotary engines.
And at the beginning of the 2000s, several batches of
experimental RX-8 Hydrogen RE cars (Fig. 3) were
produced on the basis of the RX-8 sports car, which
were successfully operated by Japanese government
departments [14, 15].

The automotive manufacturer also demonstrated
other vehicle prototypes with hydrogen rotary engines,
but nowadays their production, at least in small series,
has not been realized.

In addition to Mazda, the German company Wankel
Supertec, which specializes in the production of multi-
fuel rotary engines for aviation and ground vehicles, is
engaged in the development of a hydrogen rotary en-
gine as a motor for cars [16]. Since 2019, the enterprise
has established production several models of hydrogen
rotary power plants in small quantity. The future hydro-
gen hybrid drive concept by Wankel Supertec is pre-
sented in fig. 4. Among its main components is a rotary
combustion engine.

Figure 3 — Experimental RX-8 Hydrogen RE car
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Figure 4 — The future hydrogen hybrid drive con-
cept by Wankel Supertec

As of the end of 2022, the company was working on
a project of a light truck equipped with a hydrogen ro-
tary engine. Over time, it is planned to present it on the
market under its own brand [17].

The analysis of shortcomings in the rotary engine op-
eration showed that one of the main affecting factors its
efficiency is the problem of working gases leaks be-
tween the rotor apex seals and the engine block. Ac-
cordingly, gas leaks between the working chambers di-
rectly depend on the contact area between the apex seal
on the triangular rotor and the engine block surface.

And since the engine performance as a whole depends
on the sealing efficiency, it is important to study their
influence on the volumetric efficiency in the engine.
Therefore, it was decided to conduct a study of the in-
ternal gas flow characteristics using Computational
Fluid Dynamics (CFD) instruments for the Mazda RX-
8 Hydrogen RE engine.

To carry out the research using CFD, a rotary engine
CAD model was previously designed. To simplify con-
struction, the top seals are integral with the rotor, and
the intake and exhaust ports are located on the engine
block.

Modeling was performed using the SolidWorks. In
this study, a gas flow simulation was built based on the
conservation of mass and momentum using the finite
volume method.

The initial data and boundary conditions for the gas
flow are as follows. For the convenience of modeling,
air was taken as internal working gas with a density of
1.29 kg/m? and a viscosity of 1.8E-05 kg/m's. The inlet
pressure is equal to twice the atmospheric pressure of
202.6 kPa; the output pressure is equal to atmospheric
amount 101.3 kPa; the rotational frequency of the en-
gine eccentric shaft is 2000 rpm.

Also, for the correct simulation of the gas flow, it is
assumed that the gas flow is built on the basis of a tur-
bulent model; the flow of gases is uneven, turbulent and
under pressure; the influence of accompanying heat ex-
change and radiation is not taken into account; the flow
is initially stationary, two-dimensional.

As it is known, a rotary engine during operation is
affected by unbalanced gas pressure and centrifugal
forces of rotation, changing the contact conditions with
the apex seal, causing its vertical displacements. As a

result, there is a small gap between the end seal and the
engine block surface, which can lead to leakage
problems. Based on this, for the convenience of
building the model, we assume that the set gap is
0.15 mm. After conducting a computer simulation,
consider the situation with gas leaks between the
working chambers of a rotary engine (fig. 5). Assuming
the presence of a defined gap between the engine block
surface and the rotor apex seal, the leakage condition is
represented by the trajectory lines of the gas flows. It
demonstrates that the flow occurs from a zone with high
pressure to a zone with low pressure.

Figure 5 — Leaks simulation in apex seal

Trajectory lines are colored according to the speed
value diagram (m/s) that is situated on the left side of
fig. 5.

As it can be seen from the simulation, the leakage
zone is concentrated in the gap, and the flow speed
reaches up to 290 m/s in this gap. Under the specified
research conditions, a volume of the gas mixture that
will not exceed 4.35E-05 m® will pass through the apex
seal gap in one revolution of the engine rotor. And this
corresponds to the engine volume efficiency of 96.7%.
So we can conclude that such an indicator is not critical
and will ensure the rotary engine efficiency, will allow
it to be competitive on the market.

Conclusions

Many years of research and testing by various organ-
izations from around the world testify to the promising
design of the rotary engine for operation on hydrogen
fuel (hydrogen rotary engine — HRE).

Due to the high turbulence of internal flows and a
long operating cycle, the homogeneity of the hydrogen
and air mixture is ensured, which causes high efficiency
of hydrogen combustion. The short extinguishing dis-
tance and high hydrogen ignition speed ensure com-
plete fuel combustion without residues in the exhaust,
as happens when using gasoline fuel. And, therefore, a
correctly adjusted rotary engine running on hydrogen
can even surpass a gasoline piston engine in terms of
specific power.

The compact dimensions and low noise level provide
the possibility of using these engines in hybrid vehicles
as a mileage extender.
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Accordingly, hydrogen rotary combustion engines,
potentially, in the future, can be used to drive environ-
mentally friendly vehicles. However, nowadays this en-
gine has not yet reached its best level of development
and needs further improvement and refinements to op-
timize fuel economy, durability and reduce the cost of
production. There are also other shortcomings of the
design that have not been fully resolved, among which
is the problem of working gases leaks between the rotor
apex seals and the engine block, which requires sepa-
rate thorough studies with the help of CFD and other

innovative computer modeling methods, the introduc-
tion of new materials types into use.

Also important for the effective use of hydrogen en-
gines is the general state of infrastructure development
for the production, transportation and distribution of
hydrogen as fuel for cars. After all, without solving
these issues, it is impossible to achieve proper compet-
itive cars with a rotary engine on hydrogen fuel.
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To reduce the cost of steel for the installation of load-bearing elements of the wall enclosure made of sandwich panels, it is
suggested to use prestressed steel-concrete girders with reduced stiffness of the steel part of the cross-section in one plane
instead of girders from the pipe. Thus, the span cross-section will be a U-shaped steel profile filled with concrete. Experimental
tests were carried out on eight samples of 3000 mm long girders made of bent channel Ne 10, size 100x50 mm, with a wall
thickness of 3 mm, filled with C20/25 class concrete. The prestressing of the cross-section steel part was carried out by pre-
bending the cross-section steel part with jacks and fixing it in this position by filling the inner cavity with concrete. As a result
of the implementation of these measures during experimental studies, an increase in bearing capacity up to 31% and stiffness
up to 57% was confirmed in the case of preliminary bending of the channel and filling with concrete 1.6 times higher than the
height of its shelves. The use of such beams makes it possible to reduce steel consumption by 39%.

Keywords: prestressing, steel-concrete, wall girder, experimental studies.

ExcnepuMeHTANIBHI JOCTIIKEHHS NONEPEeIHbO HANMPYKEHUX CTATe0eTOH-
HHMX CTIHOBHMX IIPOTOHIB

Cemko O.B.!, 'acenko A.B.2*, Ipo6orsa O.B.%, Mapuenko JI.IT1.*4

1,2.3,4 HanionansHuil yHiBepcuTeT «IlonTaBchka nomitexika iMeHi FOpis Konmpatioka»
*Anpeca mis muctyBanHs E-mail: gasentk@gmail.com

CTiHOBI IPOTOHH SBIISIOTHCS TOPU3OHTATEHUMH KOHCTPYKTUBHUMH OAJKOBUMH €JIEMEHTaMH CTIHOBOTO OTOPOKEHHS OyIIi-
Bii. [1ix 9ac BUKOPUCTAaHHS JIETKUX CEH/BIU-TIaHENEH Y SKOCTI CTIHOBOTO OTOPOIXKEHHS, HECYUi CTIHOBI MPOTOHN BUKOHYIOTH
CTaJIeBMMHU. 3 METOIO 3MEHIIICHHS] BUTPAT CTaJIi JUIsl BIAIITYBAHHS TAKUX [IPOTOHIB, aBTOPAMH ITPOIIOHYETHCSI BUKOPHCTOBYBATH
CTae0eTOHHI MPOTOHM, MONEPEHBO HANPYKEHI Y IUIONIMHI 3MEHIIEHOT JKOPCTKOCTI CTaneBoi yacThHH nepepizy. Cranebe-
TOHHI POTOHH MPOIOHYETHCS BUTOTOBJIATH i3 THYTHX IIBEJEPIB 13 3alI0OBHEHHSIM KOPUTOIOAIOGHOTO CTaneBoro npodiiro Ge-
ToHOM. CyMicHY poOOTY JBOX MaTepiaiiB ciiJ] 3a0e3reuyBaTi BCTAHOBJICHHSIM CHCTEMH aHKepHUX cTepikHiB. CyTh monepes-
HBOTO HANpYXXEHHS MoJsirae B HacTynmHoMy. CIioyaTky cTajeBuil KOPUTONOAIOHNH POdidh BUTHHAETHCS JOMKPATOM IPOTH
eKCIUTyaTalifHOTO TPOTHHY 1 B TAKOMY IMOJIOKEHHI 3armoBHIOEThCsL OeToHOM. Ilicist Habopy GETOHOM MPOEKTHOI MIITHOCTI,
JIOMKpAT BUTATYETHCS. Y TBOPEHHH TAKMM YHHOM CTaIeOETOHHHUI TPOTIH 332 pPaXyHOK CyMiCHOI poOOTH cTaii Ta OETOHY 3ajH-
IIA€THCS BUTHYTUM IIPOTH €KCIUTyaTalifiHoro nporuHy. I1ix yac eKcutyaraniifHoro HaBaHTa)KEHHs Ha IPOTOHH, CIIOYaTKy He-
00xiaHO BUOpATH iX MOIEpeAHii BUTHH, OBEPHYBIIN MPOTOHU B MOYATKOBUH MPSMONIHIMHUN CTaH, a JIMIIe NOTiM Oy/e BU-
HUKATH TPOTHH BiJ MPSAMOIHIIHOT mo4aTkoBoi oci Oanku. Came UM MOSICHIOETHCS MiABUINECHHS MIITHOCTI Ta JKOPCTKOCTI
JIOCITI/KYBaHUX MOMEPEAHBO HANPYKEHHUX CTaIeOSTOHHMX TPOToHiB. s MiATBepIXKEHHsI HABEJCHUX BUKIIAJ0K OyJIO IpoBe-
JICHO eKCIIePUMEHTaNbHI BUIIPOOYBaHHS BOCHMH 3pa3KiB MPOroHiB AoBxuHO 3000 MM, BUKOHAHHX i3 THyTOTO MIBenepy NelO
posmipom 100%50 MM 3 TOBIIMHOIO CTiHKH 3 MM, 3armoBHEHUX OeToHOM Kitacy C20/25. Mix co6oro 3pa3kul BiIpi3HSIHCS Has-
BHICTIO MTONIEPETHBOTO HAPY)KEHHSI CTaJICBOT YaCTHHH TIepepisy, po3MipoM mepepisy 6ETOHHOro ocep/isi Ta CXEMOK0 HaBaHTa-
JKEHHS. Y pe3yJIbTaTi IPOBEJICHNX eKCIIePUMEHTAIBHIX JOCTIKEHB MTiATBEPHKEHO Mi[BUIIEHHS HECYJ0i 3MaTHOCTI Ta )KOpc-
TKOCTI cTaje0eTOHHNX 0aJIoK, M0 CKIaae: 1) y BUIaKy 3allOBHEHHs GETOHOM BHYTPIIIHBOI MOPOXKHUHHM mBenepa 19% 127%
BIIMOBIHO; 2) y BUMAJKY IONEPEIHHOr0 BUTHHY CTaJeBOi yacTHHH mepepizy 24% i 29% BinnoBigHo; 3) y BUnaaky 30iib-
weHHs B 1,6 pa3u BUCOTH Hepepizy OETOHHOTO ocep/s MoNepeHbo HanpyskeHoro 3paska 31% i 57% BinnosinHo.

Ku1io4oBi ci1oBa: monepe/iHe HanpysKeHHsl, CTae0eTOH, CTIHOBHI MPOTiH, eKCIEPUMEHTAIBHI IOCITi DKESHHSI.
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Introduction

Wall girders are horizontal structural beam elements
of the building wall enclosure. The external load on the
wall girders is the vertical load from the wall enclosure
weight and the horizontal wind load. Thus, wall girders
work for bending in two planes. The load from the
weight of the wall enclosure, made of light sandwich
panels, is approximately equal to the wind impact load
on Ukrainian territory. Therefore, in this case, the wall
girders are designed with equal strength in two planes.

A light, modern wall enclosure is made of hinged
sandwich panels, consisting of two sheets of profiled
wall flooring and effective rigid mineral wool insula-
tion between them. Steel girders with a cross-section in
the form of a pipe usually serve as the load-bearing el-
ements of such a wall enclosure [1].

Review of the research sources and publications

Different methods of rational forces adjustment in
steel structures are known, which are implemented both
at the design stage and at the stage of manufacture and
installation. The essence of these methods is described
in detail in the work of M.V. Gogol [2].

One of the active methods of increasing the steel
structures bearing capacity is the method of their pre-
liminary deformation. For the most part, this method
regulates the stress in individual rod elements. Prelimi-
nary elements deformation is arranged opposite to op-
erational bending. This method consists in the fact that
a prestressed deformed rod is formed using several ele-
ments connected into one in a pre-bent state (see fig. 1).
Welding of curved elements requires significant addi-
tional costs of labor and energy, which is a disad-
vantage of this method [3].

Figure 1 — Scheme of preliminary stresses
creation by the rod layers deformation
followed by their welding [3]:

1, 2, 3, 4 — the order of welding seams

Another method of prestressing is the arrangement of
local bonded tendons on the beam structures' steel parts
in the zone of the maximum bending moment action.
Izbash M.Yu. [4] proved the effectiveness of bonded
tendons installing both on the lower girdle of the beams
with a single-span scheme of their operation, and on the
upper girdle above the supports with a non-split scheme
(see fig. 2). A positive feature of such a constructive
solution of prestressing is that, due to the small value
of the angle a, the pulling force Fj, is almost an order
of magnitude less than the reinforcement tension force
H,, created by it [5].

Figure 2 — Installation of tension rod
for prestressing locally on intermediate
supports of continuous steel beam [5]:
1 — tension rod; 2 — fixing cylinder

Preliminary stresses in the elements of bent continu-
ous and spatial steel-reinforced concrete structures can
be created both due to a well-chosen design, including
nodes, and the development of manufacturing technol-
ogy or preliminary reinforcing assembly during instal-
lation [6; 7], as well as by placing additional prestressed
reinforcing bars (bonded tendons) in the stretched
cross-sectional area [8; 9].

Scientific studies of reinforced concrete beams
prestressing by placing additional prestressed reinforc-
ing bars were conducted under the leadership of
L. Storozhenko. In [10] V. Pents with Yu. Kushnir con-
ducted a study of I-beams with side cavities filled with
concrete with installed external or internal prestressed
bonded tendons (see fig. 3).

I
I -
0,0

s

{ 150 |

M0 |
Figure 3 — Scheme of additional prestressed inter-
nal reinforcement of steel-concrete beams [10]

Similar types of beams were also studied by foreign
researchers. In particular, C. Wang, Y. Shen, R. Yang,
and Z. Wen (China) [11] conducted a study of pre-
stressed steel-reinforced concrete beams shown in Fig-
ure 4. Prestressed steel-reinforced concrete beams have
an inverted arch deflection before loading, which is ad-
vantageous for service loading. Compared to a conven-
tional steel-reinforced concrete beam, the prestressed
one has greater rigidity, which increases the resistance
to cracking in tension concrete, but at the same time re-
duces the overall plasticity of the beam.

A positive result of prestressing by installing addi-
tional stressed reinforcing rods is an increase in the
bearing capacity and rigidity of steel-reinforced con-
crete structures. At the same time, the general disad-
vantage of this method is the additional cost of materi-
als and the installation of additional stressed rods.
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Figure 4 — Prestressed steel-reinforced
concrete beams [11]

A separate type of steel-reinforced concrete structure
self-tension is a special technology for their manufac-
ture, the result of which is a change in the calculation
scheme of their operation [12]. In particular, Figure 5
shows prefabricated monolithic steel-reinforced con-
crete crossbars stressed due to the staged production
(concreting). This idea is patented by D. Bibik,
V. Semko. and O. Voskbiynyk [13]. The production of
prefabricated monolithic crossbars is carried out in sev-
eral stages - the prefabricated part of the structure is
manufactured at the factory, and the monolithic part is
in the process of installation. Thus, the calculation
scheme of the crossbar operation changes at the stages
of'its installation. In the first stage, the crossbar is a sin-
gle-span beam freely supported on two supports. At this
stage, the crossbar cross-section is a trough-shaped
steel profile filled with concrete. At the second stage of
production, prefabricated ribbed reinforced concrete
floor slabs are mounted on the lower steel shelf of a
trough-like profile, and the crossbar is welded to the
embedded parts of the columns. At the same time, the
crossbar calculation scheme is changed to a rigidly
clamped one-span one. Then, a concrete monolithic up-
per shelf is arranged, which combines the crossbar with
the floor slabs installed on it for joint work on the op-
erational load.

_monolithic concrete

)

prefal;rrlleclated \' ' prefabricated
p | part of a cross-
bar

rolled steel

Figure 5 — Cross-sectional with showing
concreting stages [13]

Experimental studies of steel-reinforced concrete pre-
fabricated monolithic crossbars confirmed the theoreti-
cal prerequisites regarding the effect of changing the
cross-section during manufacture on the development
of deflections and internal forces [14].

Definition of unsolved aspects of the problem

Thus, an effective method of prestressing the steel
part of steel-reinforced concrete structures is their pre-
liminary deformation by bends that are opposite to op-
erational ones. Such bends are arranged either with

jacks [3] or by arranging additional pre-stressed rods
[4-5; 9-11]. At the same time, the steel part pre-bent
state is fixed either by welding its component parts dur-
ing manufacture [3], or by changing the conditions for
fixing this steel beam part with columns [12-14], or by
actually arranging stressed additional rods [4-5; 9-11].
Concreting of the steel part of steel-reinforced concrete
structures cross-section in order to fix its pre-bent state
was not considered.

Problem statement

The purpose of the work is to study experimentally
the possibility of fixing the pre-bent state by filling with
concrete the inner cavity of the steel U-shaped section
of the steel-concrete rod, which can be used as a wall
girder. The subject of the study is the stress-strain state
and bearing capacity of a reinforced concrete rod pre-
stressed in this way.

Basic material and results

General principles of creating rational preliminary
stresses in the layers of reinforced concrete girders.
The essence of the proposed measures set for the ra-
tional efforts redistribution is as follows. At the first
stage of prestressed reinforced concrete girders produc-
tion, mechanical jacks are used to create the initial
bending of the beams' steel part, which is opposite to
the operational one (see fig. 6). That is, at this stage, the
deformations of the steel beam normal section are cre-
ated opposite to the operational ones: the beam lower
fibers will be compressed, and the upper fibers will be
stretched (see fig. 7, a). At the second stage of produc-
tion, the inner cavity of the rod U-shaped steel part is
filled with concrete. During concreting and during the
period when the concrete reaches the design strength,
the jacks remain under the steel beams. That is, the
stress-strain state of the steel beams does not change
compared to the first stage, and the deformations of the
normal section in the concrete are zero (see fig. 7, b).
To ensure further compatible operation of the cross-
section steel and concrete parts, anchoring means are
welded to the inner side of the cross-section steel part
in advance. For the useful load (third stage), the com-
bined steel-concrete section will work together. In the
concrete part, the deformations will develop from the
undeformed (zero) state, while in the steel part, the de-
formations of the normal section will be superimposed
on the already existing operational deformations ob-
tained at the first stage of the combined structure (see
Fig. 7, c¢). That is, during the operating load increase,
the beam steel part first returns to its original unde-
formed state and only then it will deform according to
the generally accepted scheme: the beam's lower fibers
will stretch, and the upper fibers will compress. This
explains the increase in the load-bearing capacity of re-
inforced concrete structures prestressed in this way. It
should be noted that by selecting the beams’ steel part
pre-bending optimal parameters and the rational ratio
of the steel and concrete parts’ stiffness, it is possible
to achieve a significant increase not only in the steel-
concrete rod stiffness but also in its bearing capacity.
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Figure 7 — Stages of a prestressed reinforced concrete rod work:
a) the previous opposite to operational bending of the section steel part; b) filling with concrete the inner cavity
of the U-shaped steel part of the rod when the jack is installed; c) the operational stage

Construction of experimentally studied prestressed
reinforced concrete girders. Samples of prestressed
steel-concrete girders were made from steel bent chan-
nel Ne 10, 3000 mm long, with an external cross-sec-
tional dimension of 50x100 mm and a wall thickness of
3 mm, with an internal U-shaped cavity filled with con-
crete. Experimental prestressed samples differed in the
size of the concrete core cross-section and the opera-
tional load scheme (see fig. 8). Samples PSC1.1 and
PSC1.2 were filled with concrete to the level with the
channel shelves edge; the total height of their cross-sec-
tion was equal to 50 mm, the reinforcement ratio was
11.4% (see section 1-1 in fig. 9). Samples PSC2.1 and
PSC2.2 were filled with concrete 30 mm above the
level of the channel shelves edge; the total height of
their cross-section was equal to 80 mm, the reinforce-
ment ratio was 7.3% (see section 1-1* in fig. 9). To de-
termine the cross-section steel part prestressing effec-
tiveness, samples SC1.1 and SC1.2 were made with
concrete filling to the level of the channel shelves. The
beam steel part prestressing was created by jacking it
by bending it opposite to its previous operational bend-
ing by the amount of 1/300 of the span, which was 10
mm (see fig. 6). To determine the effectiveness of fill-
ing the channel inner cavity with concrete, empty steel
samples S1.1 and S1.2 were manufactured and tested.
Samples S1.1, SC1.1, PSC1.1, and PSC2.1 were loaded
by one force in the middle of the span, and samples

S1.2, SC1.2, PSC1.2, and PSC2.2 were loaded by two
equal forces equidistant from the supports.

The concrete to fill the internal cavity and the U-
shaped steel part of the reinforced concrete beams were
combined into a joint operation by means of vertical re-
inforcing bars of class A240C, 6 mm in diameter and
40 mm long, which were welded to the inside of the
channel side shelves at a variable step, shown in figure
9. Since these anchoring means were welded along their
entire height to the channel shelves, their own bending
during loading is impossible. In addition, in order to
prevent the two layers from shifting relative to each
other, plates with a thickness of 4 mm were welded on
the ends of the beams. Therefore, the investigated
beams can be considered as two-layer composite struc-
tures with a rigid combination of two layers (steel and
concrete).

To ensure the joint operation of the two materials in
the plastic stage of their operation, S-shaped anchor
rods of class A240C with a diameter of 6 mm are addi-
tionally welded from the inner side to the horizontally
located wall of the channel, the shape and welding step
of which is shown in figure 10. These additional an-
choring means were to be included in the work after the
loss of the channel shelves local stability and their de-
tachment from the concrete core.
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Figure 10 — Scheme of additional anchors placement along the length of the tested samples

The physical and mechanical characteristics of

the

materials used for the manufacture of samples of pre-
stressed steel-concrete girders (sheet and round steel
and concrete) are shown in tables 1 and 2, respectively.
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Table 1 — Physical and mechanical characteristics of rolled steel

Cepe Cocf Absolute
CPE | Normative resistance, MPa: o, | elonga- | gteel | Normative re- Modulus
Rolled | MIUHICT, var., % | . ist MPa | of elastic-
strength | sistance, MPa | ©1
steel type | MIla ity E,
of sample average class 10° ML
oy | ou | Ryn | Run Ryn Run | Vin | Vin | Esu %0 Ry Ru !
Channel | 279 [393] 266 | 374
#10 252|374 | 240 | 356
(sheet [267]380 | 254 | 362 253,51 367,5 (422,88 284 C245 240 | 360 2,1
steel | 267[397] 254 | 378
Anchor [ 278|383 [ 265 | 365
@6mm | 266 |395| 253 | 376 | 262,2 | 371,7 |32 1,6| 24,2 A240C | 240 | 370 2,1
(rod steel) | 282 | 393 | 269 | 374

Table 2 — Physical and mechanical characteristics of concrete cubes and prisms

M lue of . Normative compressive strength| Coef. @ Design value of con-
can vatue o Coefﬁm?nt of concrete, MPa: var.,% = crete:
Code | concrete com- | of variation :
. & |compres-| modulus
of sam- pressive of concrete 15 . .
) of sample average = sive | of elastic-
ples | strength, MPa | strength in a = h i
batch V.. % s strengt ity
fcm,cube j{cm,prism ’ ﬁk.cube fck.prism fck,cube fck,prism Vc, % © ﬁd; MIla Ecd, I'Tla
SC1 30,4 | 22,5 12,0 24,4 | 18,1
PSC1 |[294 | 21,8 9,1 25,0 | 18,5 | 26,6 19,7 12,2 [C20/25| 14,5 23,0
PSC2 | 35,5] 26,3 8,9 30,3 | 22,4

Methodology of conducting experimental studies of
prestressed reinforced concrete girders. After the con-
crete had reached the design strength, the jack was re-
moved, with the help of which the preliminary bending
of the beam steel part was created. The setting for rein-
forced concrete samples testing looked the same as for
the preliminary bending of their steel part. Therefore,
steel concrete samples were tested with a cavity filled

.«

with concrete to the bottom with a N-like arrangement
of steel channel. Figure 11 shows the general appear-
ance of reinforced concrete samples during tests with
the indication of the load application node with one or
two forces.

\%

during loading by two equal forces equidistant
from the supports

Figure 11 — General view of reinforced concrete samples during testing
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The strains of steel and concrete were measured in the
area of maximum bending moment (in the middle of the
span) and at a distance of 0.25 of the span length from
the supports using strain gauges with a base of 20 mm
(see fig. 12). To control the deformations in the most
compressed and stretched fibers of the sample, a 20 mm
base Hugenberger mechanical strain gauge with a divi-
sion value of 0.005 mm was installed, which ensured
the accuracy of relative deformation measurements
25x107. Clock-type indicators were used to measure
deflections in the middle of the span and at a distance
of 0.25 of the span length from the supports.

Results of experimental studies of prestressed rein-
forced concrete girders. Figure 13 shows the changes
in the distribution of strains of the normal cross-section,
located in the middle of the span, of the steel part of
the tested samples loaded by one force in the middle of
the span. The relative deformations of the stretched part
of the cross-section were determined as the arithmetic
average between the readings of the electro-tensile re-
sistors Tl and T6, and of the compressed part of
the cross-section — as the arithmetic average between
the readings of the electro-tensile resistors T2 and T7
(see fig. 12).

I S i . 2N A S .

N
(=)}
~
W
N_L
—~
w

75

T9 T3
Figure 12 — Scheme of measuring devices location on the studied samples
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Figure 13 — Changes in the distributions of strains of the steel part normal cross-section located
in the middle of the span of samples loaded by one force in the middle of the span
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On the distributions of strains of normal cross-sec-
tions of the studied samples, the movement of the zero
line along the height of the cross-section can be clearly
traced. For the empty steel sample S1.1 (see fig. 13, a),
the zero line is at the height of the central axis of the
used bent channel. For the steel-concrete sample with-
out prestressing SC1.1 (see fig. 13, b), the zero line is
located slightly higher. This is explained by the pres-
ence of concrete in the cavity, which raises the cross-
section central axis. For prestressed steel concrete sam-
ples PSC1.1 and PSC2.1 (see fig. 13, c-d), the zero line
is higher, the higher the cross-section height of the con-
crete core. This increase in the position of the zero line
is explained, firstly, by the inclusion of concrete in the

work and, secondly, by the presence of previous defor-
mations of steel normal section, which are "subtracted"
from the deformations during operational loads.
To determine the efficiency of the proposed prestress-
ing of the cross-section steel before its concreting, a
comparison of the development of the normal cross-
section relative deformations and the deflections of all
samples was made. For samples loaded with a single
force at mid-span, these comparisons are shown in fig-
ure 14. For specimens loaded with two equal forces
equidistant from the supports, these comparisons are
shown in figure 15.
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Figure 14 — Comparison of the development of the steel part normal section strains (a) and the deflections
(b) of the samples loaded by one force in the middle of the span
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Figure 15 — Comparison of the development of the steel part normal section strains (a) and the deflections
(b) of the samples loaded by two equal forces equidistant from the supports

Conclusions

As a result of experimental studies of prestressed
steel-concrete wall girders' stress-strain state and bear-
ing capacity, the following was established:
— by filling the steel U-shaped section inner cavity with
concrete, it is possible to fix its pre-bent state. After the
concrete gains strength and the jack is released, the pre-
liminary bending decreases by 81% and 31% for sam-
ples filled with concrete at the level and 30 mm above
of the channel edges suitably;
— preliminary bending of the section steel part increases
the load-bearing capacity by 24% and the steel-con-
crete beam rigidity by 29%;

— filling the channel inner cavity with concrete in-
creases the load-bearing capacity by 19% and the rein-
forced concrete beam rigidity by 27%;

—a 1.6-fold increase in the cross-sectional height of the
concrete core of the prestressed sample increases the
load-bearing capacity by 31% and the stiffness of the
reinforced concrete beam by 57%.

Thus, the experimentally investigated prestressed re-
inforced concrete girders consisting of bent channel
#10 with a wall thickness of 3 mm filled with concrete
have the same load-bearing capacity with a higher stiff-
ness of up to 27%, as a steel beam made of pipe
80x3mm, which reducing steel consumption by 39%.
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The paper explore the issue of cost-effectiveness of the transition from existing one-pipe, unregulated heating systems to two-
pipe regulated apartment systems, with the possibility of installing thermostatic controls on each heater as well as heat meters
in each apartment. Four residential buildings with the same specific heat load, which have central regulation, group regulation,
local regulation and combined regulation, were selected. The actual heat consumption has been analysed and conclusions drawn
as to the possible savings with combined control. One of the main conclusions is that renovation of existing in-house heating
systems is an objective necessity
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ExonoMiuHa 3aJIeKHICTH CMIOKUBAYA
BiJl MOMKJIMBOCTEH PEryJIIOBAHHS CUCTEMH TEIJIONMOCTAYAHHS

Tapanaii O.M.!, Byraii B.C.2, I'po3gennknii O.B.>", JInuenxo C.B.*

12,34 X apKiBChKHii HAllIOHALHUH YHIBEPCUTET Oy [IBHULTBA T4 apXiTEKTyPH
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Po3risiHyTe IMTaHHS €KOHOMIYHOT €(heKTHBHOCTI TIePeXo/1y ICHYIOUHX OJHOTPYOHHX, HEpPEryJIbOBAaHUX CHCTEM ONaJeHHs Ha
JBOTPYOHI NOKBapTUPHI, PETyJIbOBaHi, 3 MOXKJIUBICTIO BCTAHOBJICHHSI TEPMOPETYJIATOPIB HA KO)KHOMY OIAaIIOBAILHOMY TIPH-
Jasi, a TaKOX TEIUIONIYMIBHUKIB Y KOKHIM KBapTupi. s mpoBeneHHs aHami3zy Oyino oOpaHO YOTHPH KHUTIOBI OYIMHKH, 3
OJHAaKOBUM IMUTOMHUM TETIOBUM HABAHTAXKEHHSM, AKi MAlOTh IIEHTPAIbHE PETyIIOBAHHS, TPYTOBE, MiCIIeBEe Ta KOMOIiHOBaHe
perymoBaHHs. [IpoBeieHO aHai3 peaTbHOTO TETUIOCTIOKUBAHHS, 3T1THO JI0 MOKAa31B TEIIOBUX JIIYMIBHUKIB, IIHX OYAMHKIB 3a
2021-2022 onamoBanbHuii iepioa. [Ipu neHTparsHOMY peryioBaHHI (pakTHYHA MHTOMA CIIOYKHTA TETIOBA EHEPTis CKiasa:
0,106 T'Kan/roa-m?; Ipu IpyIoOBOMY PEryJliOBaHHI (aKTHUHA MMTOMA CIIOKMTA TeMnoBa eHepria cknana: 0,094 TKan/roa-m>;
[PU MiCIIEBOMY PETYJIIOBaHHI (haKTHUHA [TMTOMA CIIOKUTA TEIUIoBa enepris ckiuana: 0,085 TKan/roa-m?; npu KoMGiHOBaHOMY
perymoBanHi ()akTHUHA TIUTOMA CIIOKKMTA Teriosa eHepris cknana: 0,054 TKan/roa-m?. Ko po3risaaeThes TphOXKIMHATHA
KBapTHpa IUIOLIEI 67 M2, TO EKOHOMisl TEIUIOCTIOKUBAHHS [IPU KOMOIHOBAHOMY PETYJIFOBAHHI, B IOPIBHAHHI 3 LIEHTPATi30Ba-
HHUM CTaHOBHUTBH 5364 rpH. 3a onamoBajbHUK 1epion, To6To 49%. /1o OCHOBHHX BHCHOBKIB CTaTTi MOJYKHA BiJTHECTH: JIMIIIE
HasABHICTh PEATHHOT TEXHITHOI MOMKIIMBOCTI PETYIIIOBAaHHS BUPOOITKY, TPAHCIIOPTYBAHHS Ta, TOJIOBHE, CIIOKUBAHHS TEIIa Ja€
niliCHe 3HIKEHHS BUTPAT MaJIFBa Ha JPKepesax Ta BiAIIOBIJHO 3MEHIICHHS I'POIIOBUX BUTPAT CIIOKMBAYIB HA OMAICHHS; ICHY-
104a OUTBIIICTh BHYTPIIIHFOOYAMHKOBHX CUCTEM OTIAJICHHS JKUTIOBHX Ta IIMBITBHUX OyIiBeNb YKpalHU HE MAIOTh iHAWBITya-
JIHOTO PETYJTIOBAHHS CIIOXKHBAHHS TEIlIa KOXKHOIO KBapTHPOIO Ta MPUMIMIEHHAM; PeKOHCTPYKIIisS iCHYIOUNX BHYTPIITHHO0Y-
JIMHKOBUX CHCTEM OMAJICHHS € 00'€KTHBHOI0 HEOOXITHICTIO, 0€3 SIKOi peabHuUil BILUTMB a0OHEHTA HA CBOE TEIIOCIIOKUBAHHS
HeMOXJIMBHUHA. Taka MoepHi3alis TUKTY€eThCs 1 BCiMa HOPMAaTHBHUMH TEPMiHAMM KalliTaJbHUX PEMOHTIB, CHCTEM ONAJICHHS,
sIKi y OUTBIIOCTI BUMA/IKIB MEPEBHUILEH]I OLTBII HIX B/BIYI.

KirouoBi ciioBa: cucrema TEIIONOCTaA4YaHHA, CUCTEMA OMAJICHHA, PETYJII0I0Ya apMarypa, TEILIONIYUIbHUK
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Introduction

Saving energy resources is a crucial objective for any
country. Currently in Ukraine energy saving is the key
to energy security, and is therefore more important than
ever.

The issue of heat energy saving is very multifaceted
and consists not only in the well-known directions: in-
sulation of buildings; modernization of heat source
equipment; replacement of existing heat network pipe-
lines with pre-insulated pipes; replacement of obsolete
mixing units (elevator units) with mixing units with
mixing pumps and automation.

Undoubtedly, the implementation of all these
measures improves the heat supply systems and brings
significant economic effect in the form of reduced fuel
consumption for the heat source and reduced heat con-
sumption costs.

However, the consumer himself, i.e. the person to
whom the comfort conditions for work and relaxation
are created, can in no way affect the consumption of
heat in his apartment, office, etc.
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Review of the research sources and publications

The existing stock of twentieth-century residential
and civic buildings is equipped with vertical single-
pipe unregulated heating systems (Figure 1).

Analysis shows that in the majority of all buildings in
Ukraine we have unregulated in-house heating systems,
which should be regarded as a "single heater" for the
entire building. Regulation of such a "single heater" is
actually impossible.

In [1-4] issues related to the inability to regulate ex-
isting single-pipe heating systems have been addressed.

Reconstruction of existing single-pipe heating sys-
tems to two-pipe or single-pipe regulated systems can
be found in the articles [5-9].

Reconstruction of single-pipe, unregulated heating
systems into two-pipe, horizontal, regulated heating
systems is carried out to allow each individual con-
sumer can to affect the heat consumption of their prem-
ises. In this case, you can regulate with the thermostat
on the heater. And an installed heat meter would allow
the consumer to clearly see how much heat he con-
sumed, how to regulate it, and how much he has to pay
for it.
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Figure 1 — One-pipe heating system for twentieth-century buildings

The electricity, water and gas supply systems in
Ukraine, as well as throughout the civilised world, are
built on such principles. For a long time now, these sys-
tems have allowed the consumer to independently me-
ter, calculate and regulate his or her own consumption.

And only the regulation of heat consumption, the
most expensive utility service, remains inaccessible to
the consumer, the consumer simply has no real tech-
nical feasibility to do so.

Even having a whole-building heat meter does not
solve the issue of heat savings by each individual con-
sumer. This requires a heat meter in every apartment,
office, hospital treatment block, etc.

Definition of unsolved aspects of the problem

All previously published papers have considered the
technical feasibility of reconstructing existing heating
systems, but have not analyzed the actual heat con-
sumption of consumers under different types of regula-
tion.

Problem statement

In this article we consider the issue of saving by each
consumer and, as a consequence, the entire heating sys-
tem as a whole, based on the actual technical capabili-
ties of the existing heating systems of multi-storey
buildings.
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Most of Kharkiv's buildings and their heating systems
date back to the 20th century. They were all built ac-
cording to different designs and standards, with differ-
ent materials, and in completely non-comparable social
conditions. Why is this housing development not in line
with European norms? Let historians and sociologists
talk about it. We, as specialists in our field, must pro-
ceed from the actual situation and, based on it, give our
recommendations, draw conclusions and make deci-
sions.

Basic material and results

The purpose of any heat supply system is to cover the
load of the heating system, to ensure a comfortable
thermal environment at all times of the day and
throughout the entire heating season. Only if this task
is carried out one hundred percent can the system be
said to be running stably, meeting all the required tech-
nical and economic parameters. To perform the task of
heat supply the system must have the appropriate tech-
nical equipment (pumps, valves, sensors, etc.) in all its
components: heat energy source, heat networks, equip-
ment for heating substations, in-house piping and heat-
ing apparatus. Without such technical equipment along
the entire chain: heat generation, transportation and
consumption from the heat source to the heater, effec-
tive regulation is impossible. The lack of real regulation
of any of the elements in this chain leads to overcon-
sumption and consumer discomfort.

According to [10-11], there are the following main
generally accepted types of regulation of heat supply
systems:

— central regulation: carried out at the heat source
(boiler-house or combined heat and power plant,
CHPP), according to the predominant type of load char-
acteristic of the entire heat consumption area from the
given source;

— group regulation: carried out at the district heating
substations according to the predominant load type of a
certain group of subscriptions (residential quarter or
neighbourhood, plant site)

The group heating substations are usually constructed
for the centralized preparation of hot water for an entire
group of buildings.

After using the heat transfer fluid from the heat source
at the district heating substation, regulation is carried
out according to the predominanting heating load:

— local regulation: carried out at the individual heat-
ing substations of each building according to the aver-
age temperature for all rooms in the building

— individual regulation: carried out directly on each
heating device of each room by the consumer himself,
according to his wishes

The types of regulation mentioned above and laid
down in [10] correspond to the regulatory principles
long accepted and strictly observed in European coun-
tries.

In Ukraine, these principles began to be strictly ob-
served only in the 21st century in all newly designed
and built facilities, including in-house heating systems
of residential and civil buildings.

All heat sources in Ukraine, regardless of their de-
sign, capacity and location, practically perform only
qualitative regulation of heat supply to the consumer.
They are regulated automatically or manually by adher-
ing to a "design temperature schedule".

In all modern individual heating substations there is
also a technical capability to perform qualitative-quan-
titative regulation of heat consumption of the entire ob-
ject as a whole by setting a certain "average tempera-
ture" for this object.

Naturally, with this averaging of temperature, each
placement, whether it is a room in a residential build-
ing, a ward or operating theatre in a hospital, group
rooms and bedrooms in a kindergarten, classrooms in a
school, receive an "average" amount of heat, not the
amount they need at a given moment.

Only modern two-pipe in-house horizontal heating
systems in residential and public buildings by design
(Figure 2) allow the user to regulate the amount of heat
transfer fluid to each heater by means of a thermostat
on each heater.

Thus, the design of modern heating systems in resi-
dential and public buildings ensures individual heat
consumption in each room. The presence of individual
meters in each apartment of a residential building and a
building-wide meter at the house inlet provides one
hundred percent economy of the whole heat supply sys-
tem, as each consumer is interested in taking the mini-
mum amount of heat for his comfort, and the system as
a whole generates the required amount of heat with
minimum consumption of fuel and energy resources.

Today, however, no more than fifteen percent of heat
consumers have modern two-pipe horizontal in-house
heating systems with thermostat on each heater and
heat meter in each apartment.

The remaining more than eighty-five percent of build-
ings that consume heat were built in the second half of
the 20th century, during the period of mass housing
construction, and are equipped with unregulated verti-
cal single-pipe systems without thermostat on each
heater.

As more than half a century of experience with these
heating systems has shown, their design makes it virtu-
ally impossible for the consumer to perform any heat
regulation.

Moreover, their actual condition precludes even the
possibility of one particular heater or riser being
switched off completely without significantly affecting
the entire heating system.

The result of this ratio of unregulated to regulated in-
house heating systems is that heat sources cannot be
regulated in any way other than a qualitative regulation
based on the "average temperature of the whole district
of heat supply".

In buildings constructed in the second half of the 20th
century and equipped with vertical single-pipe heating
systems, only qualitative regulation is possible also be-
cause any change in the amount of heat transfer fluid in
the riser pipes with heating devices leads to an arbitrary
vertical deregulation of the entire system.
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Figure 2 — Two-pipe horizontal apartment heating system

Therefore, even in the utterly new individual heating
substations, which are now being installed in old build-
ings, we still only have the possibility of qualitative
regulation.

In other words, equipping old buildings with new in-
dividual heating substations, we do not solve the prob-
lem of comfort of each consumer (tenant) because we
only correct the "average temperature of the entire dis-
trict or neighborhood" to the "average temperature of
this building".

Only in modern houses built in the 21st century,
which are equipped with horizontal apartment heating
systems with meters and thermostats on each heater,
does the consumer (tenant) really make the quantitative
and qualitative regulation himself to create the comfort
conditions he needs, regardless of the needs of other
consumers. In doing so, each consumer creates a com-
fortable environment only for himself, at his own dis-
cretion, without preventing other consumers from do-
ing the same.

Technical calculations, confirmed by the actual prac-
tice of heat supply companies, show that due to the
technical impossibility of regulating heat consumption
by each subscriber in each room of his flat, hospital
ward or classroom, more than twenty percent of all fuel
intended for heat generation in Ukraine is wasted, and
each subscriber (a three-room flat with an average area
of 70 m2) overpays thirty percent each month.

The results of the analysis of the current state of the
heat supply from the point of view of heat consumption
regulation are given below. All figures are based on ac-
tual data from heat supply companies in the Kharkiv
region. This article shows the results of a study carried
out on houses with both old single-pipe vertical heating
systems and old houses with retrofitted new horizontal
apartment heating systems with temperature controllers
on each appliance.

We have studied the heat consumption of several res-
idential buildings, with the following characteristics:

— regulation of heat supply only at the source, i.e.
combined heat and power plant (CHPP) or boiler-
house;

— group regulation at the district heating substation;

—local regulation at the individual heating substation;

— combined local regulation at the individual heating
substation and individual regulation for each resident.

All residential buildings in question are equipped
with heat meters.

The heat consumption analysis is compiled for the
2021-2022 heating season. Due to the fact that all build-
ings have different heating areas and different maxi-
mum heat loads, it was decided to make comparisons
based on specific loads, which theoretically all approx-
imately the same (Figure 3).
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Figure 3- Plots comparing the actual specific heat loads averaged over the year
(amount of heat consumed) and the specific cost of heat consumed
over the heating period by residential buildings

The data for each type of building surveyed are shown
below.

1. Residential building equipped with a heat meter,
but no regulation. The actual specific heat load aver-
aged over the year (amount of heat consumed) is
26 kcal/yearm?. The heating period of 2021-2022 is
4084 hours. The specific heat consumption for the heat-
ing period is 0.106 Gcal/year-m®. At the cost of 1 GCal
in the amount of 1539 UAH 50 kopecks, the unit cost
per year is 163.19 UAH/year-m?.

2. Residential building equipped with a heat meter,
regulation is group. The actual specific heat load aver-
aged over the year (amount of heat consumed) is
23.1 kcal/year-m?. The heating period of 2021-2022 is
4084 hours. The specific heat consumption for the heat-
ing period is 0.094 Gcal/yearm?. At the cost of 1 Geal
in the amount of 1539 UAH 50 kopecks, the unit cost
per year is 145.24 UAH/year-m?.

3. Residential building equipped with heat meter, reg-
ulation is local. The actual specific heat load averaged
over the year (amount of heat consumed) is
20.8 kcal/year'm?. The heating period of 2021-2022 is
4084 hours. The specific heat consumption for the heat-
ing period is 0.085 Geal/year-m?. At the cost of 1 GCal
in the amount of 1539 UAH 50 kopecks, the unit cost
per year is 130.78 UAH/year-m?.

4. Residential building equipped with a heat meter,
regulation is combined - local and individual. The ac-
tual specific heat load averaged over the year (amount
of heat consumed) is 13.3 kcal/year-m?. The heating pe-
riod 0f 2021-2022 is 4084 hours. The specific heat con-
sumption for the heating period is 0.054 Gcal/year-m?.

At the cost of 1 Geal in the amount of 1539 UAH 50 ko-
pecks, the unit cost per year is 83.13 UAH/year-m?.

The following are the results of the study on cash sav-
ings on heating costs for a three-room apartment of
67 m? in the case of real means of regulation.

In the first case, with regulation at the boiler house
only, the cost to be paid by the consumer for the heating
period is 10933,73 UAH.

In the second case, with the group regulation, the cost
to be paid by the consumer for the heating period is
9731.08 UAH. The saving compared to the first case is
1202.65 UAH or eleven percent.

In the third case, with the local regulation, the cost to
be paid by the consumer for the heating period is
8762.26 UAH. The saving compared to the first case is
2171.47 UAH or twenty percent.

In the fourth case, with the local and individual regu-
lation, the cost to be paid by the consumer for the heat-
ing period is 5569.71 UAH. The saving compared to
the first case is 5,364.02 UAH, or forty-nine percent.

If we consider a residential nine-storey building of
three entrances with an area of 7220 m?, the savings per
year due to combined regulation compared to no regu-
lation is 578033.20 UAH.

To summarize the issue of cash savings to consumers,
it should be clearly understood that the heating organi-
zation has the same proportional fuel savings.
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Conclusions

1. Only the presence of a real technical possibility to
regulate the generation, transportation and, most im-
portantly, consumption of heat provides a real reduc-
tion of fuel consumption at sources, and the corre-
sponding reduction of cash costs of consumers for heat-
ing.

2. The vast majority of in-house heating systems in
residential and civil buildings in Ukraine do not have
individual control of heat consumption by each apart-
ment and room.

3. The originally flawed technical design and the ac-
tual condition of the in-house heating systems of the
vast majority of multi-storey buildings in Ukraine, con-
tradict modern requirements and do not allow for cost-
effective heat consumption.

4. Reconstruction of existing in-house heating sys-
tems is an objective necessity, without which the sub-
scriber cannot really influence his or her heat consump-
tion. Such modernization is also dictated by all the reg-
ulatory terms of major repairs of heating systems,
which in most cases are exceeded by more than two
times.
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The article describes the types of silos depending on the wall design. A review of the standard documents that are in force on
the territory of Ukraine and regulate the determination of loads and forces in silos is carried out. The differences between the
calculations of horizontal and vertical pressures on the walls of silos according to DBN B2.2-8-98 Enterprises, buildings and
structures for grain storage and processing and DSTU-N B EN 1991-4:2012 Eurocode 1: Actions on structures — Part 4: Silos
and tanks were analyzed. The design formulas for defining pressures according to two standards are given. The spreads of
statistical properties of particulate solids are analyzed. The normative horizontal pressure and vertical frictional pressures for a
flexible silo were calculated according to two standards. Graphs of horizontal and vertical pressures of particulate solids
material on the walls of a flexible silo are presented. According to the calculations, it is concluded that the spreads of statistical
properties of particulate solids has a significant impact on the magnitude of loads on the vertical walls of silos. It is noted that
the value of the wall friction coefficient has a significant impact on the calculation of horizontal pressure
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Y cTaTTi pO3IIITHYTO THITM CHJIOCHUX €MHOCTEH, B 3aJIeXKHOCTI BiJ KOHCTPYKIMii cTiHku. [IpoBeneHunit orisin HOpMaTHBHUX
JOKYMEHTIB, SKi JIIOTh Ha TEPUTOPii YKpaiHH, 10 PErIaMEeHTYIOTh TUTAHHS BU3HAUYCHHSI HABAHTA)KEHb Ta 3yCHIJIb B CHIIOCHHX
eMHOCTsIX. [IpoaHanizoBaHO BiIMiHHOCTI MK PO3paxyHKaMH TOPH3OHTAIBFHHIX Ta BEPTHKAJIBHUX THUCKIB Ha CTIHM CHJIOCIB 32
JBH B2.2-8-98 IlimnpuemctBa, OyaiBii Ta cropyau 1o 30epiranHio Ta nepepoodui 3epua ta JJICTY-H B EN 1991-4:2012
€spoxonx 1. Jlii Ha xoHcTpykuil. Y. 4. Bynkepu i pesepByapu. HaBeneHi po3paxyHKkoBi (GopMyIH, Uil BU3HAUYEHHS THCKIB 3a
JBOMa CTaHIapTtamu. [IpoBeneHO MOpIBHSIHHS 3HaYeHb MUTOMOI Baru J, KyTa MPUPOIHBOTO YKOCY ¢, KyTa BHYTPIIIHBOTO
TepTs ¢ Ta KoedinieHta 6okoBoro THcKy K pi3HMX CUIBCBKOTOCIIONApCHKUX KYJIBTYpP 3a JBOMa CTaHAapTamu. BuzHadeHi
HIDKHI Ta BEPXHI XapaKTePUCTHYHI 3HAYCHHS TAKUX CUITKUX MaTepialliB: MIICHUI, KyKypy/3a, TUMiHb Ta cos. [IpoananizoBaHi
PO3KU/IN CTaTUCTHYHHX XapaKTePUCTHK CHIIKOro Marepiaiy. [IpoBeieHi po3paxyHKH HOPMATHBHUX TOPH30HTAJIBHOTO THCKY
Ta BEPTUKAJIBHOTO BiJl CHJ TEpTsA TUCKIB Uil THYYKOTO CWIJIOCY 3a aBoMa Hopmamu. HaBesmeHi rpadiku 3Ha4YeHb
TOPH30HTAIBHOIO Ta BEPTUKAIBLHOTO THUCKIB CHIIKOrO Marepiany Ha CTIHM THy4koro. Ha ocHOBiI po3paxyHKiB 3po0JieHO
BHCHOBOK, 1[I0 PO3KH/ CTATHCTUYHUX XapaKTEPUCTHK CUITKHX MarepialliB, Mae 3Ha4HMIl BIUIMB Ha BEJIMYHHY HaBaHTa)KCHb Ha
BEPTUKAIBHI CTiHU CHJIOCHHX €MHOCTEH. Bim3HaueHO mo, 3HAUEHHs KOeQilieHTYy TepTs 00 CTiHM Ma€ 3HAYHWU BIUIUB Ha
PO3paxyHOK TOPU30HTAIBEHOTO THCKY

Kmo4oBi cjioBa: ciuitoc, TOpH30HTATIBHUI THCK, BEPTHKAIBHUN TUCK, CUIIA TEPTS, CUIIKUH MaTepia
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Introduction

Metal capacitive structures for storing various types
of particulate solids are among the most common types
of building structures. Silo dimensions, shape,
foundation support methods, and layout are determined
in accordance with the requirements of the
technological process, loading and wunloading
conditions, and technical and economic factors. Silos
are produced in round, square, rectangular, hexagonal
and polygonal shapes. Round silos are preferred
because they are easy to manufacture. With this shape,
the walls are mainly subject to tensile forces. Therefore,
their thickness can be small. Depending on the wall
construction, metal silos are of the following types:
welded silos, panel silos, and spiral-fold silos [1].

The body of a welded silo (Fig. 1a) consists of metal
sheets that are welded together. The advantages of such
silos are tightness and durability. Welded silos are
designed to store particulate solids with the smallest
particle size, such as cement, coke, slag, and others.
The disadvantages of these structures are high material
consumption and a large number of welds.

The body of the panel silo (Fig. 1b) is made of
corrugated or smooth panels connected to each other
with bolts. The advantages of panel silos are the ability
to perceive a large radial load from the material, the
absence of welds, high strength. The disadvantages of
this version of silos are a large number of bolted
connections. This type of silo construction is the most
common in Ukraine and abroad for storing grain crops.

One of the most progressive types of thin-walled
spatial structures are highly industrial and economic
metal silos of the spiral-fold type (Fig. lc). The
construction of the silo was developed in 1968 by the
German scientist Xaver Lipp [2], who used special
equipment for processing sheet metal and applied it to
the construction of spiral-wound silos. The first such
silo was built in Germany in 1969. The spiral-fold silo
has a cylindrical body, which is a system of spiral
connection of steel strips. The formation of the body of
the spiral-fold silo is based on the continuous building
up of the wall structure from below, with the
simultaneous bending of the steel strip along the arc of
a circle and the connection of the bent longitudinal
edges of the strip by double rolling into a closed-type
fold lock. The advantages of these silos are: high degree
of automation and speed of installation; minimizing the
human factor in the installation good sealing, water
resistance; it is possible to store waste water, oil,
petroleum products, cement and other materials; when
using stainless steel it is possible to store food; alcohol,
wine, flour, malt, molasses, sunflower oil, etc;

The disadvantages spiral-fold silos are: for
installation, the silo assembly equipment must be
transported to the construction site, which increases the
cost of production.

Figure 1 - Types of metal silos:
a— welded silo; b — panel silo;
¢ — spiral-fold silo
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Review of the research sources and publications

A number of domestic and foreign scientists were
involved in the analysis of structures, calculation
methods and experimental studies of cylindrical shells
of metal silos for strength and stability [1-7]. The
behavior and physical characteristics of bulk material
in silos were studied and described in detail by
Kachurenko V. [3]. Bannikov D. presented his
theoretical concept of the interaction of particulate
solids with elements of capacitive building structures in
his monograph [4]. Selamovic I. and Balevicius R.
analyzed in detail the influence of rolling friction on the
distribution of wall pressure and speed inside the
flowing material [5]. Schultz D. discusses the general
characteristics of particulate solids, starting from the
flow properties of solid particles to the flow behavior
of powders and particulate materials in bins and silos
[6]. Coelho L. and Calil C. in their work [7] presented
software for calculating the pressure in cylindrical
silos, taking into account all the requirements of the
European standard EN 1991-4 2006 [8]. Bibik M. and
Moroz P. compared Ukrainian and European standards
in their work [9] and made calculations according to
both standards, depending on the flexibility of silos.

Definition of unresolved aspects of the problem

The main normative document in Ukraine that
regulates the design of steel silos, classification of their
structures, determination of loads and forces in the
elements is DBN B2.2-8-98 Enterprises, buildings and
structures for storage and processing of grain [8], which
was issued to replace SNiP 2.10.05-85 Enterprises,
buildings and structures for storage and processing of
grain [9]. Another normative document in Ukraine is
DSTU-N B EN 1991-4:2012 Eurocode 1: Actions on
structures — Part 4: Silos and tanks. [10], which defines
the effects on silo structures. Since these two
documents are valid on the territory of Ukraine and are
in slightly different positions, the question of their
comparison arises.

Problem statement

The purpose of this article is to review the normative
documents which regulate the determination of loads
and forces in silos and compare them.

Basic material and results

Normative documents of Ukraine. The main
normative document in Ukraine that regulates the
design of metal structures, including thin-walled shells,
is DBN B.2.6-198:2014 Steel Structures [11]. This
document contains general recommendations for
assessing the strength and stability of torsional shells.
Other normative documents in Ukraine are DBN B2.2-
8-98 [8], which regulates the design of silos,
classification of their structures, determination of loads
and forces in elements, and DSTU-N B EN 1991-
4:2012 [10], which defines only the effects on
structures. These two documents regulate the principles
for the calculation of loads from particulate solids that
occur inside the silos.

DBN B2.2-8-98. According to these norms, the main
loads and influences on the silo are: horizontal and
vertical (due to friction) loads from the pressure of
particulate solids, taking into account the central
unloading of the silo; own weight of the structure; load
from snow on the surface; influence of temperature;
load from thermal suspensions; load from wind
pressure (for an unfilled silo).

Normative horizontal pressure P, , vertical pressure

from frictional forces P; and vertical pressure on the

bottom of the silo P from the action of particulate
solids are determined by the formulas:

—ifZ
Phnzﬁ(l—e f/p), (1)
f
Py =Py, 2)
Bl :%‘p}?, 3)

where p is the hydraulic radius of the cross-section of
the silo, m, which is determined by the formula
p=A/U,

A, U are area and perimeter of the silo cross-section,
respectively, m? and m;

A is the lateral pressure ratio of particulate solids, A is
characterized by the ratio of the average values of
horizontal and vertical pressure according to p. 4.6 [8]

and is determined by the formula: 4 = Zg2 (450 - %j ;

e is the base of the natural logarithm;
y is bulk unit weight, kgf/m?, taken according to tab.
A1[8];
¢ is the angle of internal friction, degrees, taken
according to tab. A.1 [17];
f is coefficient of wall friction, taken according to
tab. A.1 [8].

Also, for the walls of steel round sheet silos not
reinforced with ribs, the annular horizontal pressure is

taken into account By, which is determined by the
formula: Bj=ai B,

where a; is the coefficient of local pressure increase,
which is taken in accordance with the requirements of
4.11. [8] depending on the A/d ratio;

h is height of silo from the hopper apex to the
equivalent surface, m.

The sum of the limit calculated values of uniformly
distributed horizontal pressures with the limit
calculated values of annular horizontal pressures is
determined by the formula:

zPi:?’fm(Phn+P}ﬁ)’ )

where ¥, is load reliability factor.

DSTU-N B EN 1991-4:2012. This normative
document assumes that the value of loads during the
movement of particulate solids in a silo structure
depends on the flexibility of the structure, the class of
impacts, the category of the wall surface, and the
amount of eccentricity after loading and during
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discharge. In this regard, various procedures are given
for determining the horizontal pressure pj, wall
frictional traction p,s and vertical pressure p,, which
are applied to the silo body after loading and

symmetrical pressures during discharge pi. and pe.
Symmetrical loads after filling and during storage for
slender silos are determined by the formulas given in
Table 1.

Table 1 — Formulas for determining the loads on the vertical walls of slender silos

Loads on the vertical walls of Loads after loading Loads during discharge
slender silos

Horizontal pressure Phr(2) = PpoYy(2) Phe = CpPpr
Wall frictional traction Prf (2) = upy,Y;(2) Pwe = Cprf

Substitute uniform pressure increase
for patch loads

Phfu = Phf (1 + O’SCpf)

Pywfu :pwf(1+cpf)

Pheyw = Phe (1 + O’SCPG)

Pweu = Pwe (1 + Cpe)

1
=—= Y(o)=1-e¢

Notes: py,, =yKz,, zp = KiU

A -z/zg

Definitions in Table 1:
y1s the characteristic value of the unit weight;
4 is the characteristic value of the wall friction
coefficient for solid sliding on the vertical wall;
K is the characteristic value of the lateral pressure ratio;
z is the depth below the equivalent surface of the solid;
A is the plan cross-sectional area of the silo;
U is the internal perimeter of the plan cross-section of
the silo;
C, horizontal pressure
magnifying factor);
C,, wall frictional traction discharge factor (load
magnifying factor);
C,y filling patch load factor (load magnifying factor);
Cpe discharge patch load factor (load magnifying
factor)

discharge factor (load

The characteristic values of the particulate solids are
taken in accordance with E.1 [10].

It should be noted that when determining the
maximum load ps; pws, py for a cylinder, different
extreme values of the properties of particulate solids are
used (Table 2).

Table 3 shows the values of particulate solids
% @ @, K which are taken into account in the
calculations of horizontal and vertical loads, depending
on the design standards.

As it can be seen from Tab. 3, the differences in the
values of the weight y are insignificant. At the same
time, the angle of repose ¢,, angle of internal friction ¢
and the lateral pressure ratio K have significant
deviations. In Table 4 values of the wall friction
coefficient are given.

Table 2 — Values of properties to be used for different wall loading assessments

For the vertical wall or cylinder Characteristic value to be adopted
Wall friction Lateral pressure | Weight
coefficient i ratio K
Maximum normal pressure on vertical wall Lower Upper Upper
Maximum frictional traction on vertical wall Upper Upper Upper
Maximum vertical load on hopper or silo bottom | Lower Lower Upper

and lateral pressure ratio K of agricultural crops

Table 3 — Value of weight y, angle of repose ¢,, angle of internal friction ¢

Normative The type of particulate Weight 7, Angle of Angle of Lateral .
document solids kN/m? repose ¢r internal pressure ratio
' friction ¢ K
DBN All grains and legumes 8 25 25 0.406
Wheat 7.5% — O*x* 34 27% — 34%* 0.49* — 0.6**
DSTU Corn T* — 8** 35 27% —35%* 0.46* — 0.6**
Barley 7* — 8** 31 24% — 32%* 0.53* — 0.65**
Soy T* — 8** 29 22% —20%* 0.57% — 0.7**
Notes: * lower characteristic value; ** upper characteristic value of weight y taken according to tab. E.1 DSTU;
* lower characteristic value; ** the upper characteristic value of the angle of internal friction ¢iand lateral pressure ratio
K, calculated by formulas (4.1) and (4.2), (4.5) and (4.6) DSTU
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Table 4 - The value of the wall friction coefficient y

Normative The type Of. particulate Wall surface definitions Wall friction coefficient u
document solids
. metal walls 0.4
DBN All grains and legumes concrete walls 04
Wall category D1 0.21* — 0.28**
Wheat Wall category D2 0.33% 0.44%*
Corn Wall category D1 0.18*% — 0.27**
DSTU Wall category D2 0.29*%— 0.45**
Barley Wall category D1 0.21* — 0.28**
Wall category D2 0.28*%— (0.38**
Soy Wall category D1 0.21* — 0.28**
Wall category D2 0.33*— 0.44**
Notes: * lower characteristic value; ** upper characteristic value, calculated according to formulas (4.3) and (4.4)DSTU
The wall surface categories are given in tab. 4.1 DSTU:
wall type D1 - classified as "Slippery" - polished stainless steel,
wall type D2 - classified as "Smooth" - smooth mild carbon steel (welded, bolted construction);

The wall friction coefficient x4 shows a large
discrepancy in the values depending on the regulatory
documents.

It is worth noting that the calculation of horizontal
and vertical pressures on silo walls according to DBN
has the following differences from DSTU: flow forms
during discharge are not taken into account, silo
structures are not divided by flexibility, and therefore
the calculation of horizontal and vertical pressures for
all types of structures is performed by one formula The
statistical variation of particulate solids properties is
also not taken into account, namely the characteristic
value of weight y = 8 kN/m? is assumed for all grain
crops, the angle of repose ¢ and angle of internal
friction ¢ are assumed to be the same ¢ = 25°. It is also
worth noting that in the DBN, the wall friction
coefficient for both metal and concrete silos
corresponds to the value of ¢1=0.4.

a)

Horizontal pressure Ph, kN/m?
0 5 10 15 20 25 30 35 40 45 50

Depth zm

)§<
12 X <
X
X
X

16

&—Wall category D1
*x-DBN

Wall category D2

In order to compare these building codes, the
horizontal pressure p;r and wall frictional traction p,,
that act on the walls of the silo were determined
according to both standards. The following data were
used for the calculation. Geometric parameters of the
silo: diameter 6 m, height 15 m. A silo of this size is
classified as slender according to DSTU, and therefore
the calculation of horizontal pressure and wall
frictional traction according to both standards is
performed by using the same formula. To assess the
effect of the particulate solids properties on the loads
that it causes in the silo structure, were made the
calculations for different types of particulate solids,
namely wheat, barley, corn, and soybeans. The results
of comparing horizontal pressure and wall frictional
traction are shown in Fig. 2.

Wall frictional traction Pw , kIN/m?

4
6
8

Depth zm

10
12
14
16
<— Wall category D1

»-DBN

Wall category D2

Figure 2 —The value of horizontal pressure and wall frictional traction
of the particulate solids on the walls of a slender silo:
a) wheat (Note: the type of wall is given in Table 4)
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Figure 2* —The value of horizontal pressure and wall frictional traction
of the particulate solids on the walls of a slender silo:
b) corn; c) barley; d) soybeans (Note: the type of wall is given in Table 4)
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Figure 2 shows an increase in pressure with
increasing of silo depth. The values of the horizontal
pressures on the silo wall according to DSTU, which
took into account the spread of particulate solids, are
27-48% higher than the calculations according to DBN;
the wall frictional traction are 1-23% higher. It is worth
noting that the maximum difference in horizontal
pressure values between the two standards reaches a
maximum deviation of 48% for a D1 wall category,
which is characterized as very smooth according to
DSTU. While the difference in wall frictional traction
between the two standards reaches a maximum
deviation of 23% for a D2 wall category, which is
characterized as smooth according to DSTU.
Consequently, the value of the wall friction coefficient
has a significant impact on the horizontal pressure
calculation. Having analyzed the obtained graphs, it
can be concluded that the spreads of statistical
properties of particulate solids has a significant impact
on the magnitude of loads on the vertical walls of silos.

Conclusions

The article reviews the normative documents that are
in force on the territory of Ukraine, which regulate the
determination of loads and forces in silos. During the
comparison, it was noted that horizontal and vertical
pressures on silo walls according to DBN has the
following differences from DSTU: flow forms during
discharge are not taken into account, silo structures are
not divided by flexibility, and therefore the calculation
of horizontal and vertical pressures for all types of
structures is performed by one formula The statistical
variation of particulate solids properties is also not
taken into account. When comparing the pressures that
act on the walls of a slender silo according to both
standards, it was noted that the value of the wall friction
coefficient has a significant impact on the calculation of
horizontal pressure.
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Local compression of concrete is often implemented in supporting joints of reinforced concrete structures. As a strength calcu-
lation method for this case, a variational method in the theory of plasticity is proposed, which is based on the consideration of
the failure stage and takes into account the full set of determining factors of strength: the dimensions of the sample, the shape
and dimensions of the loading platform, its location, the ratio of the dimensions of the loading device and the element, type
and class of concrete (by taking into account both strength characteristics). In experimental studies, the kinematic schemes of
failure adopted in the calculation and the influence of determining factors were confirmed. A comparative analysis of the
strength calculated by the proposed method with the experimental one for 78 samples showed that they are sufficiently close.

Keywords: local compression; strength; variational method; theory of plasticity; fiber concrete

MinHicTs ¢i0po0eToHy (0eTOHY) IPU MicLIeBOMY CTUCHEHHI
3a JaHUMHU TeOPil IVIACTHYHOCTI i eKCIePUMEHTAJIbHUX T0CJIKeHb

Kysnenosa LI'.'*, Jlos:kenko 0.0.%, Iorpionuii B.B.%, lenu B.®.*

1:2.3.4 HanionanbHuii ynisepcuter «IlonTaBcbka nonitextika imeni FOpis Konaparioka»
*Anpeca s nucryBanus E-mail: oldfieldeik@gmail.com

[MpukiianoM MicIeBOro CTUCHEHHs OETOHY CIIYT'ye By30J1 OONUpaHHs 3a1i300eTOHHNX KOJIOH 0araToroBepXOBHX OyIHHKIB Ha
OCTOHHI eeMEeHTH, SIKi BXOJATh J0 CKJIay LOKOJIBHOT a00 MiBaibHOT X YacTHH. JIJIsl MiABUIEHHS] TOYHOCTI PO3PaxyHKy IpH
3MHHAHHI 3aIPONOHOBAaHHUH BapiallifHUI METO/ Y TeOpii IIIacTHYHOCTI O€TOHY, po3pobieHui y HarlioHamsHOMY yHIBEpPCUTETI
«ITonraBcrka nomirexHika imeni KOpist Konapariokay. BunpoOysani cranmaptHi KyOu i3 6eToHy (pibpodeToHy Ha 6a3aIbTOBIH
(iOpi) mpu OTHOCTOPOHHEOMY MICIIEBOMY CTHCHEHHI, B KOTPUX AUISTHKAa HABAaHTa)KEHHS 3MiHIOBAJIACs Bil KBaAparTy 0 CMYTH.
XapakTep pyHHYBaHHS JOCTITHUX 3pa3KiB MiATBEPIUB KIHEMATHYHO MOXKJIMBI CXeMH pPyWHYBaHHS, IPUHHATI B TEOPETUIHUX
po3paxyHKax 3aJeXKHO Bil ()OPMH IUIOIIAIKH 3aBaHTaXXEHHs (KBaJparT, NPSIMOKYTHHUK, cMyra). Bu3HaueHo BIUIMB Ha MILIHICTh
CIIBBIJHOIICHHS [IMPHUHM AUISHKY 3aBaHTAXKEHHS JI0 IIMPUHH 1 BUCOTH JIOCIITHOTO 3pa3ka. BBeneHus 6a3anbToBoi ¢idpu B
cksiaz OETOHY He 3MIHIOE XapaKkTep pyHHyBaHHs, ajie 301IbIIy€e MIIIHOCHI XapaKTepPUCTHKK OSTOHY TIPH CTUCKOBI i pO3TATY, Ta
SIK pe3yJIbTAT MIL[HICTh NIPH MicLIeBOMY CTUCHeHHi. [I1st 3a0e3meueHH s JOCTOBIPHOCTI 3alPOIIOHOBAHOI METOUKN PO3PaXyHKY
BUKOHAHO TTOPIBHAHHS TEOPETHYHOT MIITHOCTI, MiJIpaX0BaHOi 32 BapialliifHIM METOJIOM Y TeOPil INTACTHYHOCTI, 3 EKCIIEPHMEH-
TaJILHOIO I 78 DOCTIJHUX 3pa3KiB, y TOMY YHCII i aBTOPCHKHUX. 3a IIHPOKOTO iHTEpBaTy BapiloBaHHS ITapaMeTpiB eKCIIepu-
MEHTAJIbHHUX 3pa3KiB TEOPETHYHA MILHICTh 100pe CXOMUTHCS 13 JOCIIHOK: CepeIHE 3HAUCHHS BiJHOIICHHS i TEOPETHYHOTO
3HAUEHHS JI0 ocIiHoro ckiaxae m=1,02 3 koedimienrom Bapiamii v=13,16%. Otpumani pe3ynsTaTé JO3BOISIIOTH PEKOMEH-
JlyBaTH BapiallifHUH MeTO1 y Teopii IIIACTHYHOCTI OETOHY Y SIKOCTI TEOPETHYHOT OCHOBH U1 PO3PAXyHKY OCTOHHUX €JIEMEHTIB
IPH MiCIIEBOMY CTHCHEHHI, SIK TaKHi 10 0a3yeThcsl Ha PO3MIIALL CTajil pyiiHYBaHHS Ta BPaXOBYE BIUIMB MOBHOI CYKYIHOCTI
BH3HAYAJIbHUX (AKTOPIB Mil[HOCTI.

Kniwouogi ciioBa: MiclieBe CTHCHEHHS; BapialliifHAN METO[]; MII[HICTB; T€OPIis IITACTHYHOCTI; (hiOpoOeTOH
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Introduction

In the practice of construction, there are quite often
cases of transfer of large concentrated loads to concrete
wall or foundation elements. As an example (Fig. 1), it
is possible to cite the supporting of reinforced concrete
columns of multi-story buildings or supports of hang-
ing walls on concrete members of different heights,
thicknesses and dimensions in plan, which are part of
the basement, basement or other structural parts of
buildings (structures). At the same time, there is a local
compression of concrete in structural members.

One of the reserves for increasing the operational re-
liability of such concrete (fiber concrete) members is
the improvement of their calculation methods. At the
moment, it is necessary to shift from empirical depend-
ences in the calculation of crushing, characteristic of
current standards, to other methods that are close to the
results of experimental studies, taking into account the
stress-strain state of the elements and characteristic kin-
ematics.

Figure 1 — A case of local compression

Review of the research sources and publications

At the National University “Yury Kondratyuk Pol-
tava Polytechnic” a variational method in the theory of
plasticity of concrete is proposed as a theoretical basis
for calculating the strength of concrete (fiber concrete)
members under local compression [1]. The general se-
quence of tasks is as follows: the failure character is
modeled for the case under consideration (a cinemati-
cally possible failure scheme is created: with the help
of unknown geometric parameters, the outline of the
failure surface is outlined and the directions of move-
ment (velocities) of individual discs separated by the
failure surface are set); as a rule, geometric parameters
are the angles of inclination of the failure areas to the
vertical; at the same time, they operate with relative
values of velocities; there are velocity jumps on the sec-
tions of the failure surface and their area; the functional
of the method is recorded, the corresponding mathe-
matical transformations are performed; the functional
is examined for a stationary state, in the process of

which a formula is derived for calculating the ultimate
load in the function from unknown parameters; this
function is studied for the extremum (unconditional
during translational motion of rigid disks on the kine-
matic scheme or conditional in another case: equilib-
rium equations are used as additional conditions); the
ultimate load value is determined.

The variational method in the theory of plasticity [2]
solved the problem of the strength of concrete (fiber
concrete) members with one-sided central crushing,
while taking into account the ratio of the length of the
loading platform to the height (cross-sectional dimen-
sions) of the member, the scheme and method of load
transfer, the type of concrete (both characteristics of its
strength); impact of basalt fiber.

Analysis of experimental studies of the bearing ca-
pacity of fiber concrete members under local compres-
sion [3 — 8] indicates their insufficient number. As a
rule, the variable parameters were the volumetric per-
centage of fiber reinforcement (only steel), the ratio of
the load area to the cross-sectional dimensions of the
sample; both cubes and prisms were used as test sam-
ples.

Definition of unsolved aspects of the problem

Basalt fiber was not used in crushing experiments.
According to experimental studies [7], the optimal di-
mensions of basalt fiber are — length 12 mm, diameter
20 pm, percentage content — 0.2%. At the same time,
the tensile and compressive strength increases signifi-
cantly compared to unreinforced concrete [9].

Problem statement

The purpose of the work is to compare the strength of
concrete (fiber concrete) memders under local com-
pression, calculated according to the proposed method,
with experimental data, including those obtained by the
authors.

Basic material and results

The method of manufacturing and testing experi-
mental samples is given in [10]. According to the test
results of standard cubes and prisms, which were made
together with the test samples, the average value of the
cubic strength of heavy concrete without the
use of plasticizer is femewwe = 28.7 MPa, with the
use of plasticizer fom.cuse = 33.1 MPa, fiber concrete
Sfemeuve = 39.8 MPa (20% increase). The average value
of the prism strength and the tensile strength, respec-
tively, are femprizm=22.7MPa, fom = 1.6 MPa;
f;‘m,prizm =272 Mpa,ﬁzm =1.8 Mpa;ﬁm,prizm =35.1 MPa
(29% increase), fem = 2.3 MPa (28% increase). There is
a steady tendency to increase the value of the strength
characteristics both when adding a plasticizer and when
it is combined with basalt fiber, while both the pris-
matic strength and the tensile strength increased by al-
most the same amount.

Table 1 presents the results of experimental studies.
The addition of basalt fiber increases the resistance of
concrete to local compression.
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Table 1 — Results of experimental studies

ONE sample Sample key of bj:tgch Load, t Strength, fioe. MPa Sioe! Je.prizm

1 F1KC50 1 14.2 56.8 1.62
2 F1KC100 1 36.86 73.71 2.1
3 F1KC150 1 32.9 43.86 1.25
4 B2KC50 2 21.22 84.86 3.12
5 B2KC100 2 25.2 50.4 1.85
6 B2KC150 2 25.9 34.5 1.27
7 B3KC50 3 17.2 68.8 3.03
9 B3KC100 3 29.85 59.7 2.63
10 B3KC150 3 23.84 31.79 1.40

In Table 1, the following marking of test samples is
adopted: B — heavy concrete or F — fiber concrete
(the first letter in the marking); 1 (with the addition of
the addition of only a plasticizer), 3 (basic composition)
— series number; KC — type of experimental sample
(standard cubes were tested for local compression
(fig. 2); 50, 100, 150 (fig. 3) — the stamp width by,
when the load is applied locally, mm (the stamp length
lioc for all samples is the same and is equal to 50 mm).

Figure 2 — Sample testing for local compression in
the press I1T'-125

In the process of experimental research, failure charac-
ter of cubes during central one-sided compression was
revealed, which was taken as a basis for theoretical cal-
culations under the conditions of a space stress state:
the sample is divided into three parts: a pyramid with a
square (fig. 4) or rectangular (fig. 5) base, which is
equal to the load platform, two halves of a cube, sepa-
rated by a splitting plane and a shear surface, which
move away from each other in the horizontal plane.

Figure 3 — Loading scheme of cubes with size
150%x150%x150 mm through stamps with size
liocxbioc = 50%50 mm, 50%100 mm, 50x150 mm

The obtained results confirm the data of the study of
strength to local compression of concrete obtained by
other authors [11-15].

In order the features of the structures in the ultimate
state. to ensure the reliability of the proposed calcula-
tion method, it is important to create a cinematically
possible scheme for the members failure, which should
take into account.

There is also an asymmetric failure character under
symmetrical loading (fig. 6), which is explained by the
concentration of stresses near the corners of the stamp
and the heterogeneous structure of the concrete.
The proposed calculation method allows you to take
into account such case of failure by making changes to
the cinematically possible scheme.
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Figure 4 — Failure character (a) and surface
view (b) of the destroyed sample B3KC50

The use of fiber does not fundamentally change the
failure character of samples, but it becomes more plas-
tic, stretched over time.

Changing the width of the loading platform (from a
square to a strip stamp) affects the magnitude of local
compressive stresses: within the limits of the experi-
ment, the stress decreases up to 2 times (table 1).

The addition of basalt fiber increases the strength
characteristics, reduces the probability of brittle failure
and the presence of microcracks in concrete, and ulti-
mately the resistance of concrete to local compression.

To confirm the validity of the proposed calculation
method [1], a comparative analysis of the theoretical
strength with the experimental strength was performed
for 78 test samples tested by Gladyshev B.M.,
Piradov A.B., Dovzhenko O.0O. and Mytrofanov V.P.,

b

Figure 5 — Failure character (a) and surface
view (b) of the destroyed sample B3KC100

Figure 6 — Surface view
of the destroyed sample F1KC50

Ince R. and Arici E., Au T. and Baird D.L., Keras V.,
Augonis M., Adamukaitis N., Vaitekiinaité E. and au-
thors [10] with parameters that differed significantly:
the dimensions of the cube varied from 50 mm to 300
mm; ratio /4/lj. (ratio of the height of the cube to the
length of the loading platform) was from 1 to 6.67;
value of concrete tensile strength f;; was from 0.4 MPa
to 4.8 MPa; value of concrete strength under compres-
sion f. was from 3.87 MPa to 48 MPa; samples were
concrete and fiber concrete: steel fiber content was
from 25 kg/m? to 40 kg/m?, basalt fiber was 18 kg/m?.
It should be noted that all test samples were loaded with
a square stamp, a rectangular stamp was used only in
the author’s experiments.

The results of the comparison are presented in tables
2,3, 4 and in fig. 7.
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Table 2 — Comparison of the theoretical strength calculated according
to the variational method with the experimental one for concrete cubes

test cule cule
Yo | D e R e B
] 2 3 4 5 6 7 8

Samples of Gladyshev B.M. [11]

1 20%20x%20 5 4 0.103 4.85 5.07 1.04
2 20%20x%20 5 4 0.109 4.24 5.12 1.21
3 20%20%20 5 4 0.099 4.81 4.99 1.04
4 20%20%20 5 4 0.099 4.96 4.99 1.01
5 20%20x%20 5 4 0.103 3.47 3.85 1.11
6 15x15%15 5 3 0.079 3.06 3.60 1.17
7 25x25x%25 10 2.5 0.119 2.88 3.53 1.22
Piradov A.B. [12]

1 30%30%30 5 5 0.05 5.34 5.48 1.03
2 20%20x%20 3 3 0.103 8.99 8.73 0.97
3 20%20%20 3 3 0.099 8.05 8.55 1.06
4 20%20%20 3 3 0.057 6.75 6.47 0.96
5 15%15%15 3 3 0.079 5.28 5.62 1.07
6 20%20x%20 3 3 0.094 8.05 8.32 1.03
7 20%20%20 3 3 0.099 8.60 8.55 0.99
Dovzhenko 0.0., Mytrofanov V.P. [13]

1 20%20x%20 5 4 0.08 4.11 4.55 1.11
2 15%15%15 5 3 0.08 3.07 3.59 1.17
3 15%x15%15 5 3 0.08 2.73 3.59 1.31
Ince R., Arici E. [14]

1 5x5x%5 2 2.5 0.13 4.72 3.61 0.76
2 10x10x10 4 2.5 0.13 3.45 3.61 1.05
3 20%20%20 8 2.5 0.13 2.9 3.61 1.24
4 5%x5%5 2 2.5 0.09 4.23 3.32 0.78
5 10x10x10 4 2.5 0.09 3.64 3.32 0.91
6 20%20x%20 8 2.5 0.09 2.7 3.32 1.23
7 5%x5%5 4 2.5 0.09 3.99 3.32 0.83
8 10x10x10 8 2.5 0.09 3.25 3.32 1.02
9 20%20x%20 4 2.5 0.09 3.57 3.29 0.92
10 5x5x%5 2 2.5 0.07 4.39 3.14 0.72
11 10x10x10 4 2.5 0.07 3.46 3.14 0.91
12 | 20x20%20 8 2.5 0.07 245 3.14 1.28
13 10x10x10 2.5 4 0.09 6.36 4.90 0.77
14 20%20%20 5 4 0.09 4.83 4.90 1.01
Au T. and Baird D. L. [15]

1 10x10x10 10 1 0.09 2.06 2.46 1.19
2 10x10x10 8 1.25 0.09 2.77 2.66 0.96
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Table 3 — Comparison of the theoretical strength calculated according
to the variation method with the experimental strength according
to the authors’ data for concrete samples

test cule cule
S IR A S S
Je fe Jeloc

1 2 3 4 5 6 7 8
1 15%15%15 5 3 0.07 3.62 3.48 0.96
2 15x15%15 10 (5) 3 0.07 2.29 2.47 1.08
3 15x15%15 15 (5) 3 0.07 1.95 2.25 1.15
4 15x15%15 5 3 0.06 3.55 342 0.96
5 15x15%15 10 (5) 3 0.06 2.26 2.46 1.08
6 15x15%15 15 (5) 3 0.06 1.93 2.25 1.16
7 15x15%15 5 3 0.06 3.54 341 0.96
8 15%15%15 15 (5) 3 0.06 1.93 2.25 1.16

Table 4 — Comparison of theoretical strength with experimental strength for fiber concrete samples

Ixbxh ! oot o S Sélne
Ne cm ’ c[:; Oﬁ‘trjflzis? a=h/lo | x=fu/fe % chOC %
kg/m? ‘ ‘ olee
] 2 3 4 5 6 7 8 9
Samples of Keras V., Augonis M., Adamukaitis N., Vaitekiinaité E. [7]
1 15x15x%15 3 25 5 0.17 6.06 6.58 1.08
2 15x15x%15 3 25 5 0.17 6.06 5.41 0.89
3 15x15%15 3 25 5 0.17 6.06 6.72 1.10
4 15x15%15 3 25 5 0.17 6.06 5.59 0.92
5 15x15%15 3 25 5 0.17 6.06 6.58 1.08
6 15x15%15 3 30 5 0.15 5.75 5.03 0.87
7 15x15%15 3 30 5 0.15 5.75 5.21 0.90
8 15x15%15 3 30 5 0.15 5.75 5.35 0.93
9 15x15%15 3 30 5 0.15 5.75 4.34 0.75
10 15x15%15 3 30 5 0.15 5.75 5.97 1.04
11 15x15%15 3 35 5 0.19 6.36 7.15 1.12
12 15x15%15 3 35 5 0.19 6.36 6.62 1.04
13 15x15%15 3 35 5 0.19 6.36 6.62 1.04
14 15x15%15 3 35 5 0.19 6.36 7.77 1.22
15 15x15%15 3 35 5 0.19 6.36 7.06 1.11
16 15x15%15 3 40 5 0.15 5.75 6.14 1.06
17 15x15%15 3 40 5 0.15 5.75 5.56 0.96
18 15x15%15 3 40 5 0.15 5.75 5.02 0.87
19 15x15%15 3 40 5 0.15 5.75 4.79 0.83
20 15x15%15 3 40 5 0.15 5.75 5.63 0.98
21 15x15%15 53 25 2.83 0.05 3.12 3.33 1.06
22 15x15%15 53 25 2.83 0.05 3.12 2.37 0.76
23 15x15%15 5.3 25 2.83 0.05 3.12 2.90 0.93
24 15x15%15 5.3 25 2.83 0.05 3.12 2.97 0.95
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Continuation of Table 4

1 2 3 4 5 6 7 8 9
25 15x15x15 53 30 2.83 0.05 3.12 3.15 1.01
26 15x15%15 53 30 2.83 0.05 3.12 3.29 1.05
27 15x15%15 53 30 2.83 0.05 3.12 3.11 0.99
28 15x15x15 53 30 2.83 0.05 3.12 3.22 1.03
29 15x15x%15 53 35 2.83 0.11 3.27 4.17 1.06
30 15x15%15 53 35 2.83 0.11 3.27 4.31 1.1
31 15x15%15 53 35 2.83 0.11 3.27 4.40 1.12
32 15x15%15 53 35 2.83 0.11 3.27 4.13 1.05
33 15x15x15 53 40 2.83 0.05 3.12 3.27 1.05
34 15x15%15 5.3 40 2.83 0.05 3.12 3.03 0.97
35 15x15%15 53 40 2.83 0.05 3.12 3.07 0.98
36 15x15%15 53 40 2.83 0.05 3.12 3.14 1.00

According to the data of tables 2-4 and fig. 7, it can
be claimed that the results obtained by the proposed
method are fairly close to the experimental data: the av-
erage arithmetic value of the ratio of theoretical
strength to experimental strength is m=1.02 with a co-
efficient of variation v=13.16%.

Similarly, a comparative analysis of the theoretical
strength calculated according to the standards [17 - 22]

and some author’s methods showed much worse statis-
tical indicators: the best convergence is given by the
standard method of DSTU [18] m=0.78,
v =22.52%, the worst one — by the method of ACI
and NZ standards [21, 22], m=0.28, v=30.01%,
among the authors’ methods the best indicators were of
the proposed method by V.G. Kvasha [23]: m =0.81,
v =52.32%, the worst indicators — S.K. Niyogi [24]
m=0.43,v=16.71%.

experimental
Sirengif
o
L9
P ]
7 . )
®© © Experimental data:
6 ! O  Gladyshev BM
® ® Fradov AR
5 - O [ovzhenko 00, Mytrofanov V.P
‘ e W /ice R, Aricr £.
4 > Au T 1 Bard OL.
3 Ly & Author
© Aeras V, Augomis M,
4 Adamukaitis N, Vaifekunaite £
é,l;’i
7 2 3 4 5 6 7 & 9 1O f
theorefical
Strength

Figure 7 — Comparison of the theoretical strength obtained
by the variational method with the experimental one
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Conclusions

The failure character of cubes under one-sided central
local compression, which is taken as a basis for theo-
retical calculations under the conditions of a space
stress state, has been confirmed. The use of basalt fiber
(length 12 mm, diameter 20 pm, percentage content -
0.2%) does not fundamentally change the failure char-
acter of the samples, but it occurs more plastically.

Changing the width of the loading platform (from a
square to a strip stamp) affects the magnitude of local
compression stresses: within the limits of the experi-
ment, they decrease up to 2 times. The addition of bas-
alt fiber increases the strength characteristics of con-
crete (by approximately 25% the in compression and
tension), reduces the probability of brittle failure and
the presence of microcracks in concrete, and ultimately
increases the resistance of concrete to local compres-
sion.

The statistical indicators of the comparison of the the-
oretical strength, calculated according to the proposed
method, with the experimental one (arithmetic mean
value of the theoretical strength to the experimental one
m =1.02 with the coefficient of variation v =13.16%
) indicate their sufficient proximity and allow recom-
mending the variational method in the theory of con-
crete plasticity as a method for calculating the strength
of concrete (fiber concrete) under local compression.
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The characteristic geotechnical conditions of modern high-rise construction are considered. The engineering and geological
conditions of the site were analyzed. In particular, it was noted that loose soils lie up to a depth of 2.2 m, and below 13.0...13.5
— eolian-deluvial deposits (sandy and silty loams with a deformation modulus of 5...7 MPa). The territory is flooded. An
effective constructive-technological solution was tested using the drilling-mixing method of placing soil-cement elements to
strengthen the base made of highly compressible clay soils under the slab foundation of a multi-story residential building with
a parking lot under the conditions of the existing building. The results of tests of soil cement samples, which were selected
during the execution of works, for uniaxial compression are presented.

Keywords: engineering and geological element, eolian-deluvial deposits, ground base, vertical soil-cement element, slab foun-
dation, testing of cement soil for uniaxial compression, soil deformation modulus, settlement

IIpakTuKa miACUJIEHHS TPYHTOIEMEHTHUMHM €JleMeHTaAMHU
OCHOBM ILUIUTHOTO GyHAAMEHTY 0AraTonoBepXxoBOro OyAMHKY
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PosrnsHyTo XapakTepHi reoTeXHIYHI YMOBH Cy4acHOTO 0araTormoBepXoBOro OyIiBHUITBA, SIK-TO: HASIBHICTh y MEXaX MACHBY
TPYHTIB 3 OCOOJIMBIMH BIIACTUBOCTAMH (CJIA0Ki, MPOCAI0YHI, TEXHOTEHHI 1 iH.); BIUINB HETATUBHUX 1HKCHEPHO-TEOJIOTTYHHX
MPOIIECiB, HAIPHUKJIIA] MiATOIICHHS; CyTTEBAa HEOJHOPIHICTH MAaCUBY SIK 32 HOT0 TUIOMIEIO, TaK i ITMOWHOIO; IIiTbHA 320y 10Ba;
3HAYHUH TUCK Ha OCHOBY, 1[0 BUKJIMKAE HEOOXIIHICTD 3aCTOCYBaHHS IUTUTHUX (YHAaMEHTIB; HEOOXITHICTh yIAIITyBaHHS T1a-
PKIHTIB y TiBaNbHUX MPUMIIIEHHAX. Bif3HaueHo, MI0 apMOBaHI IPYHTOLEMEHTHIMH €IEMEHTAMH OCHOBH PO3PaXOBYIOTh
IIIIXOM NpHUBEIEHHS JleopMaIlifHUX XapaKTepHUCTHK JI0 HEOOXITHUX CepeAHbO3BAKEHUX BEINUMH, a IOJAIBIII PO3PaXyHKH
BUKOHYIOTh BXK€ 3 YpaxXyBaHHSIM BU3HAYEHHX [TapaMeTpiB K ISl MPUPOJHNX OCHOB. [IpoaHa3izoBaHO iHXKEHEPHO-T'€0JIOTi4HI
YMOBH JISHKH. 30KpeMa, BiJ3HAYCHO, 1110 10 TIHOHHU 2,2 M 3aJsIraloTh HACHIHI IPYHTH, a HIkYe 10 13,0-13,5 — eonoBo-
JIeITIOBIaNIbHI BiIKIaaK (CYITICKH Ta CyTJIMHKY NMUITYBaTi 3 MoayiieM nedopmarii 5-7 MIla). Tepuropito migromieso. Anpo6o-
BaHO €()EKTHBHE KOHCTPYKTHBHO-TEXHOJIOTIYHE PIllIEHHS 3 BUKOPUCTAHHAM OYpO3MIIIyBaIFHOTO CIIOCOOY BIIAIITYBAaHHS IPY-
HTOIIEMEHTHHUX elleMeHTIB aiamerpoM 600 MM i 3 rarom 1,35-1,45 M 11 iACHICHHS. OCHOBH, CKJIQJICHOI CHIIbHOCTUCITUBIMU
TJIMHUCTHMH TPYHTaMH, TiJ IUIMTHAN QyHIaMeHT ToBIMHOI0 600 MM 6araTomnoBepXxoBOTro KUTIOBOTO OYANHKY 3 MAPKIHTOM
3a yMOB icHyI0401 3a0yoBu. [lomano pe3ynpTaTé BUIIPOOYBaHb 3pa3KiB IPYHTOLEMEHTY, IO OYyJIH BifiOpaHi Mpy BUKOHAHHI
pobit, Ha oiHOBICKOBHIT cTHCK. Moayne nedopMalii MaTepiany IPYHTOLIEMEHTHHX €JIEMEHTIB BU3HAYAIN 32 HOPMATHBHOIO
METOAMKOI0. BCTaHOBNIEHO, 110 OTPUMaHI XapaKTepPUCTHKH apMOBAHOT'O IPYHTOIIEMEHTHOTO MacUBY 3a0e3MedyIoTh JOCTaTHI
piaeHb HagiliHOCTI QyHKIIOHYBaHHS OyIHHKY. 3adikcoBaHO, 10 GaKTHYHI aOCOIIOTHI OCiIaHHs OCHOBH IUTUTHOTO (QyHIaMe-
HTy 6araTornoBepXOBOI'0 KUTJIOBOrO OYIAMHKY Ta HOro KpeH He MEePEeBHILMIN iX IpaHUYHI 3HAUCHHS I BiAIIOBIHOTO THUITY
OyxiBenb i criopy/I.

KniouoBi ciioBa: iHKXEHEPHO-TEOJIOTIYHHIN EIEMEHT, €0JIOBO-IEITIOBIaNIbHI BiIKIIaJ1, IPYHTOBA OCHOBA, BEPTUKAIBHHUN TPYH-
TOLIEMEHTHHUII eJIEMEHT, IUIMTHHI (yHIaMEeHT, BUIPOOYBaHHs IPYHTOLIEMEHTY Ha OJIHOOCHBHH CTHCK, MOAYJb Aedopmarii
IPYHTY, OCiJaHHS
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Introduction
From the global experience of modern multi-story ur-
ban construction, it is possible to distinguish the fol-
lowing hard but at the same time sufficiently character-
istic geotechnical conditions [1-5]:

— the presence within the massif of soils with special
properties, for example, weak, subsidence, able to
swell, man-made deposits, etc.;

—the influence of negative engineering and
geological processes, such as flooding of the territory,
suffusion, karst, landslides, etc.;

— significant heterogeneity of the soil massif both in
terms of its area and depth;

— significant pressure on the ground base, which often
necessitates the use of slab foundations;

—dense construction, including old, surrounding
areas, the presence of underground communications
and various engineering structures;

— the need to arrange parking lots in the basements of
buildings, etc.

Under such conditions during designing, the problem
of substantiation of structural and technological solu-
tions of foundations and foundations of buildings is al-
ways relevant.

Review of the research sources and publications
A large number of scientific works are dedicated to
solving this problem, but discussions about the most
practical and rational way to solve it continue [3-5].

In particular, under the geotechnical conditions listed
above, jet grouting and drilling mixing technologies for
the installation of soil-cement piles and soil-cement el-
ements (SCE) have proven to be sufficiently effective
(especially for reducing the settlements of the founda-
tions of buildings and structures) and at the same time
reliable for the creation of pile or reinforced founda-
tions of foundation slabs [6-13].

The materials for creating such piles and elements are
the soil of a specific construction site, cement, water,
etc. If necessary, a steel reinforcing frame is immersed
in a mobile soil-cement mixture, and the same mixture
ensures the stability of the walls of the well even in
floating. After hardening of the soil-cement mixture, a
soil-cement element or pile of the design embedment
depth and diameter is formed.

It is also appropriate to note that according to the re-
sults of laboratory and field studies of many geotechni-
cians [6-12], it was established, in particular, that:

—when the cement content increases from 5% to
50%, the mechanical parameters of the soil cement in-
crease linearly, so the strength of the soil cement can be
adjusted by the cement content;

—soils with a lower content of clay particles have
higher mechanical properties, sands with a small
content of clay particles are more suitable for stronger
soil cement;

—reinforcement with a steel frame increases the
bearing capacity of soil-cement elements and piles by
material to a value that exceeds their bearing capacity
by the soil.

According to the building standards of design [1], ar-
tificial soil bases reinforced with SCE are calculated by

reducing the deformation characteristics to the required
weighted average values, and further calculations are
performed already considering the specified parameters
as for natural bases.

However, the methods of calculating soil bases rein-
forced with SCE using the spatial version of the finite
element method (FEM) using an elastic-plastic model
and simulation modeling of the influence of soil heter-
ogeneity parameters and reinforcement elements on the
stress-strain state (SSS) of the system "reinforced SCE
base — slab" have also been well tested. foundation" [9,
11, 13].

Definition of unsolved aspects of the problem

So, today geotechnicians have created a number of
technologies for arranging soil-cement piles and foun-
dations. All of them have both positive and negative
sides, and therefore the important question for practice
regarding the areas of rational use of each group of
structural and technological solutions with the use of
soil-cement methods of arranging piles and artificial
foundations in relation to certain complex geotechnical
conditions has not yet been resolved.

Problem statement
Therefore, the goal of this work is to test the structural
and technological solution using the drilling-mixing
method of arranging soil-cement elements to strengthen
the soil base made of highly compressible clay soils un-
der the slab foundation of a multi-story residential
building with parking under the conditions of existing
surrounding buildings.

Basic material and results
In one of the micro-districts of the city of Dnipro, the
construction of a multi-storey residential building with
parking in its basement was planned.

In terms of geostructure, the built-up area is located
within the Middle Dnieper Block of the Ukrainian
Crystalline Shield. The surface of the crystalline foun-
dation is wavy, uneven, and the depth of occurrence is
uneven on a relatively short length of the profile.

The new building is located in the area of old build-
ings, where there are abandoned underground commu-
nications, basements, etc. From the planning surface,
the construction site is complicated by the presence of
a layer of construction debris with a thickness of up to
2.2 m.

The engineering and geological section of this con-
struction site is shown in Fig. 1.

The physical and mechanical characteristics of the
soils of this plot are summarized in Table 1.

Therefore, according to the set of factors specified in
regulatory documents, the site belongs to the middle
category of the complexity of engineering and geolog-
ical conditions.
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Figure 1 — Engineering and geological section at the construction site:
layer 1 — modern man-made deposits (bulky soils, which include
a soil-vegetable layer, sand, construction debris, household waste products);
layer 2 — loess, dusty, hard sand; layer 3 — loam, light dusty, soft plastic;
layer 4 — eluvial deposits, represented by the fragmental zone
of the weathering crust of crystalline rocks with sand-clay materials;
layer 5 - slightly weathered granites
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Table 1 — Normative and calculated values of indicators of physical and mechanical properties of the soils of the site

Names and conventional designations of indicators of | Units of meas- Layer number
soil properties urement 2 3 4
Water content, /' % 16,7 26,6 12,2
Liquid limit, Wz % 26 29 -
Plastic limit, W), % 19 20 -
Plasticity index, I, % 7 9 -
Total unit weight, p T/m? 1,61 1,82 2,13
Soil elements unit weight, ps T/m? 2,67 2,68 2,66
Dry unit weight, ps T/m? 1,38 1,44 1,90
Wet unit weight, pw T/m3 1,83 - -
Porosity, n % 48,3 46,3 28,6
Void ratio, e - 0,934 0,862 0,400
Liquidity index, Ir - <0 0,73 -
Degree of saturation, Sr - 0,48 0,83 0,81
> 10,0 mm % - - 17,7
10,0-5,0 mm % - - 14,8
5,0-2,0 mm % - - 15,6
2,0-1,0 mm % - - 14,1
Granulometric composition L, 0-0,5 mm % - - 10,4
0,5-0,25 mm % - - 10,3
0,25-0.1 mm % - - 8,4
0,1-0,05 mm % 23,1 21,6 5,6
0.05-0,01 mm % 35,9 35,1 2,3
0,01-0,005 mm % 34,2 35,2 0,8
< 0,005 m % 6.8 8,1 -
Angle of internal friction, ¢ (in a natural state / in a degree 21/16 13 34
locked state)
Specific cohesion, ¢ (in a natural state / in a locked state) kPa 10/6 13 45
Deformation modulus, £ (in a natural state / in a locked MPa R/5 7 45
state)
SSt;;fec)lﬁc gravity of soil, ys (in a natural state / in a locked KN/m? 14,6 /16,6 16,5 19.3
Angle of internal friction, ¢s (in a natural state / in a degree 19/ 14 16 3
locked state)
Specific cohesion, ¢;(in a natural state / in a locked state) kPa 7/3 10 42
SSt;;fec)iﬁc gravity of soil, yr (in a natural state / in a locked KN/m? 15.5/17.6 17.5 20.5
Angle of internal friction, ¢x (in a natural state / in a degree 20/15 17 33
locked state)
Specific cohesion, ci (in a natural state / in a locked KkPa R /4 1 53
state)
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The geological and lithological section from the sur-
face of this site of construction works is represented by
the following engineering and geological layers:

— modern man-made deposits — bulk soils, which in-
clude a soil-vegetable layer, sand, construction debris,
household waste products, etc., with a layer thickness
from 0.7 to 2.2 m (layer 1).

From a depth of 0.7-2.2 m, modern man-made
sediments are underlain by Middle-Upper Quaternary
eolian deluvial sediments, represented by:

—sandy loess, gray, dusty, hard, layer thickness
1.0...2.8 m (layer 2);

— dark brown loam, slightly dusty, soft-plastic, layer
thickness 9.5...10.3 m (layer 3);

— from a depth of 13.0 to 13.5 m, there are Mesozoic-
Cenozoic eluvial deposits, represented by a fragmental
zone of the weathering crust of crystalline rocks with
sand-clay materials, with a layer thickness of 0.5...0.7

m (layer 4);
— below the depth of 13.7...14.0 m there are Archean-
Proterozoic sediments, represented by slightly

weathered granites (layer 5).

In terms of hydrogeology, the site is located within
the Ukrainian basin of fractured crystalline waters.
The roundwater level was recorded at a depth of
4.1...4.5 m from the site surface. Their replenishment
is due to rain and melt water and inflow of water mains.
The discharge of the water horizon takes place in the
channel of the Dnipro River. Thus, in fact, the territory
of this site has already been flooded.

The diagram of the basement of the building in which
parking is planned is presented in Fig. 2.
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Figure 2 — Scheme of the basement of the building

According to the density of buildings, the physical
and mechanical characteristics of the soils of the site
and the experience of construction in the surrounding
area, it was decided to strengthen the weak soils of the
massif with vertical rigid SCE with a diameter of
600 mm and a step of 1.35-1.45 m (Fig. 3 and Fig. 4).
According to the conditions of the relief, the deepening
of the pit, where the parking lot will be located, is car-
ried out by 3 m at the deepest point, as well as by se-
curing the sides of the pit. The slab foundation is
adopted with a plan size 0of 30500 mm x 12600 mm and
a thickness of 600 mm.
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Figure 3 — Scheme of placement of soil-cement elements in the plan
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Figure 4 — Section of placement of soil-cement elements

Already directly in the process of performing work on
the construction site, samples were taken from the man-
ufactured SCE by cutting a part of these elements. From
them, cubic samples with a side size of 100 mm were
made for uniaxial compression testing.

In the laboratory, a vertical load was applied to the
soil cement sample until its destruction. Due to the fact
that vertical deformations were recorded during the
tests, the compressibility coefficient was also obtained,
which is the ratio of the relative vertical deformation to
the pressure that caused this deformation.

According to the standards [14], the modulus of soil-
cement deformation £ is the coefficient of proportion-
ality of the linear relationship between the increase in
pressure on the sample and its deformation:

E:(l—uz)% (1)

where u is Poisson's ratio, which [15] takes as 0.30
for sands and sandy loams; 0.35 — for loams; 0.42 — for
clays;

Ap — an increase in pressure equal to p, — po, 10° Pa.

As — increase in subsidence (compression), cm.

Normative characteristics of soil cement, as well as

soils, are calculated using the formula [15]:

1
X =X =— 3 X, @)

where 17 is the number of characteristic definitions;
X;—individual values of characteristics obtained from
the results of individual i-th tests.
4,5

Soil cement was made at the rate of 75 kg of M400
cement per 1 linear meter of drilling. Series of 6 sam-
ples were selected for the uniaxial compression test.
Examples of the results of some of these tests are pre-
sented in the graphs shown in Fig. 5 and Fig. 6.

As a result of such control, it was established that the
characteristics of the reinforced soil-cement massif pro-
vide a sufficient level of reliability of construction and
operation of the building.

The general appearance of a multi-story residential
building with parking in the basement, a slab founda-
tion on a base reinforced with vertical soil-cement ele-
ments, after its commissioning is shown in Fig. 7.

At all stages of its design and construction, scientific
and technical monitoring was carried out [15], the
stages (preparatory, working, post-construction), the
volumes and features of which depended on the com-
plexity of the object and were determined by the corre-
sponding work program.

It was established, in particular, that the actual abso-
lute settlement of the soil base of the slab foundation of
a multi-story residential building and its slope did not
exceed their limit values for the corresponding type of
buildings and structures [1]. The chosen option turned
out to be expedient in terms of both technical and eco-
nomic indicators.
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Figure 5 — Graph of the dependence of the compression of the soil cement sample on the load
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Figure 7 — General view of a multi-storey residential
building with a slab foundation on a soil-cement base
after commissioning

Conclusions

So, the effectiveness of the constructive-technological
solution using the drilling-mixing method of arranging
soil-cement elements for strengthening the foundation
composed of highly compressible clay soils under the
slab foundation of a multi-story residential building
with parking was proven on the real site under the con-
ditions of existing surrounding buildings. The charac-
teristics of the reinforced soil-cement massif provide a
sufficient level of reliability of the building's function-
ing.
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The results of parallel experimental studies of the physical and mechanical properties of sedimentary rocks of natural structure,
including their penetration tests, are presented. The possibility of establishing empirical equations of the relationship between
the physical (soil skeleton density and moisture content) and mechanical (specific resistance to penetration, angle of internal
friction, specific adhesion, deformation modulus) characteristics of cohesive (on the example of light dusty loams of loess
origin) and non-cohesive (on the example of fine sands, quartz) sedimentary rocks of natural structure is tested. It is noted that
such equations are correct only for genetically identical types of sedimentary rocks
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The current situation in the field of strength properties evaluation of sedimentary rocks using the express methods, such as
penetration test, is analyzed. It is noted that a condition for setting up the relationship between the indicators of the physical
state of sedimentary rock (natural moisture content, porosity coefficient) and indicators of mechanical properties (specific
resistance to penetration, angle of internal friction, specific adhesion, deformation modulus) is the accumulation of test results
to determine the listed characteristics of soils with a relatively constant plasticity number and genetically homogeneous. The
results of parallel experimental studies of the physical and mechanical properties of sedimentary rocks of natural structure,
including their penetration tests, are presented. The possibility of determining empirical equations of the relationship between
physical (soil skeleton density and moisture content) and mechanical (specific resistance to penetration, angle of internal
friction, specific adhesion, deformation modulus) characteristics of cohesive (light loams soils of loess origin) and non-cohesive
(fine sands of quartz) sedimentary rocks of natural structure has been tested. The values of statistical indicators (coefficient of
correlation, variation, and dispersion) of these equations substantiate a rather close relationship between mechanical and
physical parameters. The possibility of studying the anisotropic properties of cohesive rocks of natural structure using
penetration tests and determining empirical equations of the relationship between their physical and mechanical characteristics
is also proved. A practical recommendation is given on the expediency of using correlation equations between the physical and
mechanical properties of sedimentary rocks of natural structure to reduce the volume of laboratory tests in determining their
mechanical parameters
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Introduction

The current experience of mining mechanics and ge-
otechnics shows that determining the mechanical char-
acteristics of sedimentary rocks (soils) both in their nat-
ural and in their compacted state in sufficient quantities
for appropriate calculations, modeling, and design in-
volves significant expenditures of material resources
and time [1-3].

Therefore, for example, for preliminary calculations
of the foundations of buildings and structures allow de-
termining the values of the parameters of deformability
and strength of soils by their physical parameters (for
sands, by the particle size distribution and porosity co-
efficient e, and for clay rocks, by the index of soil flu-
idity /; and porosity coefficient).

The practice of compiling tables of approximate val-
ues of the deformation modulus £, the angle of internal
friction ¢, and the specific cohesion ¢ for sedimentary
rocks in a given region has been tested, in particular,
for sands depending on the granulometric composition
and soil porosity coefficient, and for clay soils depend-
ing on their classification indexes, /; and e. An increase
in the porosity coefficient e of a rock, ceteris paribus,
necessarily causes a decrease in its strength and an in-
crease in its compressibility. Accordingly, an increase
in the moisture content W or the fluidity index I of a
clay soil leads to the same result.

It was also found that correlation or even functional
dependencies can be obtained between the indicators of
mechanical properties and physical state of soils under
certain conditions. Thus, it makes sense to use such de-
pendencies to reduce the number of laboratory studies
of the mechanical properties of sedimentary rocks.

Review of the research sources and publications

M. Maslov established the dependence of the de-
crease in the angle of internal friction and specific co-
hesion on the decrease in density and increase in soil
moisture with its incomplete consolidation. And
M. Goldstein et al. for compacted loess loams obtained
the dependence of the increasing of specific cohesion
at a constant angle of internal friction with an increase
in soil density [4].

Of great practical importance is the generalization of
31 empirical equations that relate the unconfined com-
pressive strength and angle of internal friction of sedi-
mentary rocks (sandstone, shale, limestone, and dolo-
mite) to their physical properties (such as velocity,
modulus, and porosity) [5]. In particular, it makes sense
to use these equations to estimate the strength of a rock
based on parameters that can be measured using geo-
physical logs.

Numerous studies have been devoted to establishing
the relationship between the physical and mechanical
properties of sedimentary rocks. For example, in 1948,
M. Gersevanov showed that there is a linear relation-
ship between the porosity coefficient e and the loga-
rithm of the ultimate shear resistance /gz. A similar con-
clusion was made for compression
dependencies [6, 7].

The practice has also confirmed the prospects of the
direction of evaluating the strength properties of sedi-
mentary rocks using the express-methods: penetration
test and rotary shear test. In particular, the main ad-
vantage of penetration tests of homogeneous sedimen-
tary rocks is the condition of invariance of the data ob-
tained, i.e., complete independence from the acting
force and the corresponding depth of the cone pene-
trate, and, taking into account the tip constants, inde-
pendence from the angle of their tip, etc. The method
of penetration studies was recommended to identify the
relationship between the indicators of physical state
and mechanical characteristics of sedimentary rocks [7-
11].

This direction was most fully developed by special-
ists of the scientific school founded by V. Razorenov,
namely: Y. Velykodnyi, G. Zhornik, V. Zabara, M.
Zotsenko, 1. Skryl, V. Khilobok, V. Shytov, A. Ya-
kovlev, and others [7, 8, 12-15]. In particular, for cohe-
sive sedimentary rocks of a disturbed structure under
conditions of their complete water saturation, the fol-
lowing dependence was established on the basis of pen-
etration tests

R;
V=W Jr e ™

where W; i W, — are the values of the total soil mois-
ture content corresponding to two values of the soil po-
rosity coefficient e; and ey;
R; — specific resistance to penetration of a water-satu-
rated soil with a porosity coefficient e;;
Ro=1 — for the accepted dimension R; (kPa, MPa)
(based on this premise, the value of ey is set);
% — is the angular coefficient of the linear depend-

0

ence represented in the coordinates “W — IgR”.

Under the conditions of the three-phase state of clay
rocks, the degree of their water saturation should be
taken into account when establishing the relationship
between physical and mechanical parameters. Then the
basic equation of the calculation scheme is as follows

R
VVl»LO:W—%)‘lgR—O, 2

where Lo — is the water saturation function equal to

1
1 /
L0=1+(S——1j-—y:°, (3)

where y — angular coefficient of linear dependence
r

I

for the case S, < [ (while W; = consf).

Definition of unsolved aspects of the problem

However, despite the undoubted advantages of using
correlation equations between the physical and me-
chanical properties of sedimentary rocks to reduce the
amount of research on their mechanical parameters, un-
der the conditions of the natural state of these rocks,
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there is an additional difficulty in establishing the rela-
tionship between their physical and mechanical proper-
ties due to the peculiarities of their structure.

The calculation scheme of the relationship is based on
the same prerequisites as for soils of disturbed struc-
ture. Therefore, further testing of this approach is re-
quired for both cohesive and non-cohesive sedimentary
rocks of natural structure.

Problem statement

Therefore, the purpose of this work was to determine
empirical equations of the relationship between the
physical and mechanical properties of cohesive and
non-cohesive sedimentary rocks of natural structure
through experimental studies, including penetration
tests.

As a criterion for the reliability of such equations, it
is advisable to accept the value of the correlation coef-
ficient r not less than 0.80 (in this case, the relationship
between the factors of the equations is considered
close).

Basic material and results

The experimental basis for obtaining empirical rela-
tionship equations was parallel laboratory determina-
tions of physical (humidity, plasticity number, dry soil
density, porosity coefficient) and mechanical (specific
penetration resistance, angle of internal friction, spe-
cific cohesion, deformation modulus) characteristics of
cohesive (sandy loam, loam, clay) and non-cohesive
(sand of various sizes) sedimentary rocks of natural
structure.

The methodology of such studies is described in de-
tail in a number of sources [7, 11, 14].

For practical problems of identifying the relationship
between the physical and mechanical properties of the
three-phase state of sedimentary rock of undisturbed
(natural) structure, it is necessary to determine its three
indicative features - the free term and two angular co-
efficients of conditional linear equations.

The general relationship equation in this case is as fol-
lows

R 1 v 1-M,
Ry € Ps %0

where R — specific penetration resistance, MPa;

Ry =1 MPa;

Wr — moisture content of water-saturated rock at
Ry =1 MPa;

/
e
My =1- =7
: |
A
/ Ta y — are the angular coefficients of the lin-
€ e

ear equations, respectively, for the case of complete
water saturation of the rock and under the condition of
constant moisture;

pw— water density (1 g/cm?);

pa — density of dry soil (or soil skeleton).

Experimental studies have shown that in establishing
the relationship between the properties of clay rocks,
the plasticity number (/,), the mineralogical composi-
tion of the clay component, as well as the particle size
distribution and mineralogy of the coarse rock compo-
nent, influence the indicative indicators of equation (4).

A condition for establishing the relationship between
the indicators of the physical state of sedimentary rock
(natural moisture content W, porosity coefficient e) and
indicators of mechanical properties (specific resistance
to penetration R, angle of internal friction ¢, specific
cohesion ¢, deformation modulus E, etc.) is the accu-
mulation of test results to determine the listed charac-
teristics of soils with a relatively constant plasticity
number and genetically homogeneous.

The coefficients of the relationship equations for each
set of experimental data are determined by the least
squares method with the estimation of the necessary
statistical indicators, such as correlation and variation
coefficients, as well as errors of direct determinations.
Thus, for each type of sedimentary rock, it is possible
to establish a number of dependencies of the following
form:

lgizAR—BR-e—CR-W; 4)
Ry
E

lg—=A4p - Bg-e-Cp-W; (6)
Ey

lgs=4,-B,-e-C, - W; (7)
o

lgng—(D:Aq,—que—C

W, 3
g9, 7

where Ry, Eo, co, tgpo — values equal to the unit of the
selected dimension;
coefficients 4, B, C are functions of soil indicators,

: 1 1
Le.%()’é,WR.

Having equations (5-8) for a certain type of sedimen-
tary rock, the following dependencies were established
for it:

B
lgi = AE __EAR —
Ey Bg
3 3 'S ©)
_W(CE __ECRJ__Elg_
By Bp "R,
lgi = AC _iAR —
Co By
B B.. R’ (10)
—W[CC——"CRJ— Clg—
R BR Rn
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For example, the equations of the relationship be-
tween the physical and mechanical properties of cohe-
sive sedimentary rocks, in particular, loess loam, light
dusty (with plasticity number /, = 0.11 and rock particle
density 2.71 g/cm?), established at one of the experi-
mental sites in Poltava, are proposed:

g8 —144-13de—6.7.;
R,
at the correlation coefficient »=0.949;

(12)

lgE£:3.O—l.84e—2.8-W; (13)

0
at the correlation coefficient »=0.954;

lg£ =0.53-1.1e-7.0-W,
Co
at the correlation coefficient »=0.890;

(14)

1682 _0.4-031e—3.17-W;

(15)
129,

at the correlation coefficient »=0.910;
(16)

gL 21024632 W +137-1g-%;
E, Ry

1g£ =-0.65-1.5-W +0.82- lgi; 17)
Co R,

1682 _0.07-1.63-W +0.23-1g%-:

180, Ry

Studies have shown that for non-cohesive sedimen-
tary rocks, i.e., sandy soils, it is also possible to estab-
lish dependencies of type (4). In accordance with the
accepted gradation, sandy soils are divided into air-dry,
moist, and water-saturated soils according to the degree
of pore filling.

For air-dry sands, with an increase in moisture con-
tent from zero, their mechanical properties increase up
to a certain moisture content, which depends on their
particle size distribution.

This humidity range is W = 0 — 0.07. Larger values
correspond to fine and dusty sands.

At higher moisture content, dependence (4) does not
appear.

However, when the sand becomes wet and then wa-
ter-saturated, an increase in moisture content leads to a
slight decrease in the strength characteristics of the
sand. However, the intensity of this decrease is much
less than that of clay soils.

Below are the obtained equations of the relationship
between the physical and mechanical properties of fine
quartz sands of the experimental site in Kremenchuk,
Poltava region.

(18)

lg§:0.01—1.03e—1.36~W; (19)

0

at the correlation coefficient »=0.967;
lgE£:1.65—0.68e—0.35-W; (20)

0

at the correlation coefficient »=0.914;
C

lg— =1.58+5.5¢-3.2-W; (21)
Co

at the correlation coefficient »=0.890,

16782 _ 0.321-0.58¢ — 0.467 - W;

(22)
180,

at the correlation coefficient 7=0.910;

le-L = 1.64+0.55% +0.66-lg:  (23)
E, R,

195 = 1,534,067 +5.34-1g %,
Co Ry

24

1682 _ 031503 +0.56- g%, (25)
1290 R,

It should be noted that the values of the correlation
coefficients of all the above empirical equations of the
relationship between physical and mechanical
properties of both cohesive and non-cohesive
sedimentary rocks of natural structure exceed 0.80, i.e.,
the relationship between the factors of the equations is
close.

In our opinion, the equations of the relationship of the
form (4) between the physical and mechanical
characteristics of loess loam, light dusty (plasticity
number /, = 0.09 - experimental site in Kobeliaky,
Poltava region) both in the natural structure and within
the compacted zone around the pile in three directions
(09, 45°, 909 relative to the horizontal plane are also
worthy of attention. They are summarized in Table 1.

In particular, two well-known types of penetrometers
(PD-2 and MV-2) and two cones with different angles
at the top (30° and /7 %0’) were used to study the ani-
sotropic properties of sedimentary rocks. The corre-
sponding methodology of penetration studies, sampling
and subsequent laboratory tests is described in mono-
graphs [14, 15].

The obtained values of statistical indicators (correla-
tion (» > 0.80) and variation (v < 0.20) and dispersion
(D < 0.03) coefficients) for the empirical equations of
the form (4), which are also presented in Table 1, indi-
cate a rather close relationship between the mechanical
(penetration resistance R) and physical (dry density pq
and soil moisture w) characteristics in all three experi-
mental directions relative to the horizontal plane for
both penetrometers and angles at the top of the cone.
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Table 1 - Equation of the relationship between the physical characteristics of light dusty loam and the results of pene-
tration tests in different directions relative to the horizontal plane

Penetrometer | Angle at |[Direction relative IMeaning of statisti-
the top of] horizontal plan| Empirical equations for determining: cal indicators
the cone
IgR = pd = r v D
0° 2.59-4.94 W-2.88 (1/pa) | 2.88/(2.59-4.94 W -IgR) [0.96]0.09] 0.003
PD-2 30° 45° 212-4.12 W -2.42 (1/pa) | 242/ (2.12-412 W -1gR) [0.92/0.12| 0.006
90° 1.54-2.67W -1.89 (1/pa) | 1.89/(1.54-2.67 W -1gR) [0.92]|0.12| 0.005
0° 1.98-3.93 W-1.99 (1/pa) | 1.99/(1.98 -3.93 W -1gR) [0.87|0.16] 0.02
30° 45° 1.85-1.66 W - 2.47 (1/pg) | 2.47/(1.85-1.66 W -1gR) 0.84[0.20| 0.03
MV-2 90° 1.69 - 0.30 W - 2.62 (1/pa) | 2.62/(1.69-030 W -1gR) |0.85[0.16| 0.02
0° 1.23-2.11W-1.80(1/pag) | 1.80/(1.23-2.11 W -1gR) [0.85|0.14| 0.004
17° 40° 45° 1.50 233 W=2.15 (1/pg) | 2.15/(1.50 - 2.33 W - 1g R) |0.86[0.17] 0.005
90° 1.89-1.24 W-2.98 (1/pa) | 2.98/(1.89-1.24 W -1gR) [0.86|0.16| 0.006
Conclusions of the equations indicate a fairly close relationship be-

Thus, through parallel experimental studies of the
physical and mechanical properties of sedimentary
rocks of natural structure, including their penetration
tests, the following was established.

1. The possibility of establishing empirical equations
of the relationship between the physical (soil dry den-
sity and moisture content) and mechanical (specific re-
sistance to penetration, angle of internal friction, spe-
cific cohesion, deformation modulus) characteristics of
cohesive (for example using the light dusty loams of
loess origin) and non-cohesive (for example using the
fine sands, quartz) sedimentary rocks of natural struc-
ture was tested. The values of the statistical parameters

tween mechanical and physical parameters. Such equa-
tions are correct for genetically identical types of sedi-
mentary rocks.

2. The possibility of studying the anisotropic proper-
ties of cohesive rocks of natural structure using pene-
tration tests and establishing empirical equations of the
relationship between their physical and mechanical
characteristics has been proved.

3. In practice, the use of correlation equa-
tions between the physical and mechanical
properties of sedimentary rocks is advisable to
reduce the volume of laboratory tests in deter-

mining their mechanical parameters..
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Experimental studies of changes in rock properties depending on the pressure in the well and in the massif of the plastic layer
at different distances from the well over time were carried out. The function demonstrates the power dependence of the pressure
ratio at the moment of time on the geostatic pressure. After sealing the well, the pressure in the massif of the plastic formation
increases in the near-well zone and decreases in the peripheral zone. Over time, the pressure in the massif of the plastic layer
is equalized over the entire area of the layer. Pressure changes in a plastic rock have an impulse character. Thermal (residual)
stresses affect the destruction of rocks during drilling with an increase in the depth of the well

Keywords: plastic rock, rheology, stress-strain state, trunk, well

3aj1esKHICTD BJIACTHUBOCTEN IVIACTUYHHUX IiPCHKUX MOPIA
Bi/l 3MiHM THCKY B CBepPAJIOBMHI
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1.2 TlonTaBchkuii HaliOHANBHUN TexHiuHME yHiBepcuTeT imeni I0pis Konapatroka
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B pospizax pomosun JJHinpoBo-/loHenbKii 3anaquHi BUSBIICHI IIOTYKHI TOBIII COJIi y IEPMCBKUX Ta IEBOHCHKHX BiJKIIaIaX
3a JaHUMH CIIOCTEepeXeHb, Taki Aedopmariii MaroTh HECTIHKHUIT XapakTep i MOXXYTh MPOSBISTHCH B OyIb-SIKHIl MOMEHT eKC-
IuTyaTarii BepTHKAIBLHOTO CTBOJA. B cTaTTi JOCIIKEHO MOBEIIHKY TripChKOTO MAacHBY 3 BMICTOM BHCOKOIUIACTUYHHX MOPIiZT
Ha Mozeni. B sikocTi Mozeni MacuBy BUCOKOIIACTHYHOI Opou OyB BUKOPUCTaHUH nmapadiH, 1o 00MexXyBaBCs 0 ropu30-
HTaJi TpyOOI0 BEJIMKOTO AiaMeTpa, a o BEPTUKAJI — XKOPCTKUMH IUTUTaMH. B sikoCTi Mozieni cBepLToBHHH OyJia BUKOpHCTaHa
ryMoBa TpyOKa, 3all0BHEHA PiMHOK0. THCK Ha MOJIENb TEKY4Oro IUIACTa CTBOPIOBABCS TiIPaBIiuHUM HPECOM, KU aBTOMa-
TUYHO MiATPUMYBaB 3aJJaHUH TUCK MPOTATOM BCHOTO €KCIIEPUMEHTY. 1151 BUMipIOBaHHS THCKY B MOJIET CBEpIJIOBHUHM 1 Tip-
CHKOTO MacuBY OyJIM BUKOPUCTaH|1 HAIBIIPOBITHUKOBI JAaTYHKH 00'€MHOTO THCKY, 110 OyJIM YCTaHOBJIEHI Ha pi3Hil BiICTaHi
Bix oci cBepAIoBUHU. JI0 TOYATKY EKCIIEPUMEHTY MOJENb IPCHKOTO MacHBY 13 YMOBHOKO CBEPJUIOBHHOIO BHIEPIKYBAIIACh J10
BUPIBHIOBaHHS THCKY Y BCiX Toukax 00'eMy. [T0TiM THCK B MOJIeNTi CBEP/JIOBUHH 3MEHIIIYBAIH IO aTMOC(EPHOTO 1 CBEp.IIO0-
BUHY TepMeTU3yBaIH. [I0Ka3HMKH TAaTYHKIB THCKY PEECTPYBAINCH IPOTATOM BCHOTO EKCIIEpUMEHTY. B pe3yinbraTi excriepu-
MEHTY BCTAQHOBJICHO, 1110 iIHTCHCHBHICTh MaAiHHS THCKY 3MEHIIIY€ThCSI Bijl CBepAIoBUHH. [Ipy PO3KPHUTTI CBEP/JIOBHHOIO I1a-
CTHYHOTO TUIACTa CIIOCTEPIraeThCsl IHBEPCisl TUCKY MMOJaN Bifl CBEpAIOBUHH. BeTaHOBIEHO, 1110 Y epiioMy HaONVKeHHI st
BHU3HAYCHHS THCKY COJISTHMX Ta [JIMHUCTHX BiIKJIaeHb HA KPIIUICHHS B Oy Ib-sIKMil MOMEHT 4acy MO)KHA BUKOPHCTATH alpo-
KCHMyo4y QyHKII0. SIKa AeMOHCTpPYE CTETICHEBY 3aJIeKHICTh BiJHOIICHHS THCKY HA MOMEHT 4acy JI0 T€OCTATHYHOT'O THCKY.
TTicns repMeTH3allii CBEp/UIOBHHH THCK B MAaCHBI IUIACTHYHOTO IIJIACTa 3pPOCTA€E B IIPHU-CBEPUIOBHHHIHN 30HI i 3MEHIIYETHCS B
nepuepiifHiil 1 3 YacoM BHPIBHIOETHCS MO BCil momii. 3MiHM THCKY B INTACTUYHIHM ITOPOAI MAIOTh IMITyJILCHUH XapakTep.
TepmiuHi Hanpy>KeHHS, SKi MalOTh Ha3BY 3IMIIKOBUX, BIUTMBAIOTh HA PYHHYBaHHS TipCHKHUX TOPiA MMig Yyac OypiHHA 31 30i-
JIBIIIEHHSM TITHOHUHU CBECPAJIOBUHHA

Kiio4oBi ciioBa: Hanpy)xeHO-1e(OpMOBaHUil CTaH, PEOJIOriuHi BIACTHBOCTI, CBEPUIOBHHA, CTOBOYP, INIACTHYHA [TOPO/A.
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Introduction

Oil and gas filds located in the Dnipro-Donetsk Basin
are characterized by significant depths of occurrence,
high thermobaric gradients, differences in formation
pressures along the section, multicomponent formation
fluids, etc.

Thick strata of salt in Permian and Devonian sedi-
ments were found in sections of deposits in the Dnipro-
Donetsk Basin. In tectonic terms, the deposits have
salt-dome structures. In the cross-section of the sedi-
mentary stratum, sub-saline and supra-saline com-
plexes, separated by a saline complex, are found in the
deposits of the Poltava region [1]. Terrigenous sedi-
ments occur in practically all sedimentary rocks of the
Dnipro-Donetsk Basin.

he main problem of drilling is related to ensuring the
stability of well walls in clay and salt rocks. It is nec-
essary to pay attention to the prevention of spalling and
collapse of the walls of the well. So it is necessary to
pay sufficient attention to research and prediction of
stresses acting on the wellbore. Ensuring the integrity
of well walls during their drilling is one of the primary
tasks of improving the quality and increasing the tech-
nical and economic indicators of their construction.
From the practice of drilling directional wells, the costs
of combating complications are on average 20-25% of
the calendar time of drilling. The loss of stability of
clay or salt rocks is understood as falling out, crum-
bling, collapsing, narrowing of the trunk, cavernous
and gutter formations. These phenomena lead to the
seizure of the drill string and a significant increase in
the material costs of materials and production time for
their elimination [2].

Most of the complications that exist in wells are the
result of a certain stressed state of the massif. There-
fore, it is necessary to analyze the causes of complica-
tions, collapses, deformations of well walls.

In real conditions of occurrence, rocks are in a state
of comprehensive compression. After opening the for-
mation by drilling, a local force field is formed on the
perimeter of the wellbore. This leads to various defor-
mations on the well walls: from plastic flow to brittle
failure. The nature of these deformations is determined
by the properties of the rock and the magnitude of the
rock pressure. The conditions of formation, composi-
tion and degree of lithification of rocks cause a wide
range of changes in their properties.

For example, plastic and water-sensitive rocks behave
as highly plastic bodies. Thus, the presence of such rocks
in the wellbore can cause narrowing of the wellbore.
However, under the influence of temperature and pres-
sure, new rigid chemical bonds between its structural ele-
ments arise in such rocks. The nature of destruction of
such rocks is already brittle or plastic-brittle. They are ca-
pable of cracking and crumbling in deep conditions when
opened by drilling.

Review of the research sources and publications

At the stage of drilling and operation of wells, it is
important to determine the change in the volumetric
stress state of the rock massif containing plastic rocks.
Because it is quite difficult to directly measure the
pressure in the massif of rocks. The authors analyzed
individual cases of assessing the stability of wellbore
shafts.

For example, in the works of A.I. Riznychuk,
LI. Chudyk. the factors affecting the stability of the
well walls in conditions prone to landslides and rock-
falls were analyzed [2,3].

R. V. Rachkevych also analyzed a special case of the
stress-deformed state of the drill string in the curved
part of the well. The analysis was carried out when a
trough or cavern formed on the wall of the well. Addi-
tionally, the force of interaction of the drill string with
the bottom of the chute or cavern was determined [6].

Often the destruction of rocks occurs outside the zone
of elastic deformations - in the zone of the plastic state.
This is characterized by the appearance of significant
residual deformations in the rocks. Evaluation of their
stability in the wellbore is reflected by the dependence
of K.F. Puks. In the initial data, the diameter of the
wellbore and the rock-crushing tool, the volumes of the
wells are known [2].

Plastic deformations occur as a result of displacement
of dislocations. They start from places of structural dis-
ruption and spread along the sliding plane gradually,
without disturbing the crystalline structure and integ-
rity of the substance.

Along with this, mutual movement of rather large
volumes, compression, crumpling, etc. (quasi-plastic-
ity) is observed in the rocks. The behavior of a moun-
tain massif under the action of forces can be described
by various models: mechanical model - elastic
(Hooke's body); mechanical model, which is a heavy
body lying on a horizontal plane and connected to a
spring (Saint-Venant body).

The work of E.M. Baranovsky [4,5] is devoted to
solving the problem of wellbore stability. The stress-
strain state of wellbores was quite difficult to describe
by analytical equations.

An analytical model for the characterization of salt mas-
sifs was also proposed by M. Todores (2020) based on
octahedral geomechanical parameters. It was verified
both by laboratory studies using modeling tools and by
on-site measurements [7].

Hadiseh Mansouri, Rassoul Ajalloeian (2018) deter-
mined from the results of experiments that the axial peak
stress, strain and modulus of elasticity gradually increase
with the increase of strain rate. It was established that the
model of viscoelastic creep of Burgers agrees quite well
with the experimental data on creep. [§].

Definition of unsolved aspects of the problem

A new deformation criterion of the compressive
strength of samples of salt rocks was also proposed.
The limiting principal deformation is a function of the
stress parameter in the form of the ratio of hydrostatic
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pressure to stress intensity [9]. That is, it was estab-
lished that the deformation will depend on the hydro-
static pressure. This needs to be verified in natural or
laboratory conditions.

Most rocks belong to strengthening bodies. In order
to maintain plastic deformations in them, it is necessary
to increase the tension. At the same time, the growth of
stresses occurs at a decreasing rate. This behavior of
the rock is modeled by a combination of an ideally elas-
tic Hooke body and an ideally viscous Newtonian body
(a piston with holes moving in a cylinder filled with a
viscous liquid). When these bodies are connected in
parallel, the model of the Kelvin - Voigt body is ob-
tained, when it is connected in series - the Maxwell
body. However, these models describe the stress-strain
state of rocks without taking into account the rheolog-
ical properties of the rock and the corresponding ther-
mobaric conditions of the massif.

Problem statement

The purpose of the research is to conduct experi-
mental studies of changes in rock properties depending
on the pressure in the well and in the massif of the plas-
tic reservoir at different distances from the well over
time.

Basic material and results

The plasticity of rocks increases with increasing tem-
perature and lateral pressure. However, the number of
dislocations in rocks does not change. At the same
time, their mobility increases significantly, which con-
tributes to plastic deformation. Rocks that behave as

brittle under normal conditions acquire pronounced
plastic properties at elevated pressures and tempera-
tures.

This is important when developing deposits at great
depths. For example, the ability to plastic deformation
in limestones and siltstones appears already at all-
round pressures of about 50 MPa, in anhydrites - about
100 MPa. The construction of vertical shafts in salt
rocks coincides with the spread of deformations of the
rock contour over a long period of time. As the data of
natural observations show, such deformations have an
unstable character [5, 6] and can appear at any moment
of operation of a vertical shaft. At shallow depths (up
to 200 m), the well bore, drilled through salt rocks, was
not secured. However, with an increase in the depth of
salt deposits (more than 300 m), the "creeping effect"
of rock salt begins to manifest itself actively.

This phenomenon occurs at tangential stresses on the
trunk contour of 10-15 MPa according to research data.
At great depths (1000 m and more), the development
of rheological processes is accompanied by significant
deformations of the rock contour of vertical shafts.
Also, the load on hard fasteners in the long term in-
creases to 20 MPa or more.

Therefore, it is necessary to investigate the behavior
of the mountain massif with the content of highly plas-
tic rocks on the model. As a model of the massif of
highly plastic rock, paraffin was used, which was lim-
ited horizontally by a large-diameter pipe, and verti-
cally by hard plates.
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Figure 1 — Graphs of pressure changes in the well model and at different distances from the axis (R1-R16)
of the well in the model: Py is the initial pressure in the model, MPa; R - the radius of the wells

A rubber tube filled with liquid was used as a well
model. The pressure on the model of the fluidized bed
was created by a hydraulic press, which automatically
maintained the set pressure throughout the experiment.
Semiconductor volumetric pressure sensors were used
to measure the pressure in the model of the well and
the rock massif. They were installed at different dis-
tances from the axis of the well.

Before the start of the experiment, the model of the
mountain massif with a conventional well was main-
tained until the pressure equalized at all points of the
volume. Then the pressure in the well model was re-
duced to atmospheric and the well was sealed.

The readings of the pressure sensors were recorded
throughout the experiment. In fig. 1 shows graphs of
pressure changes in the well and in the massif of the
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plastic layer in the "pressure-time" coordinates at dif-
ferent distances from the axis of the well.

The readings of the pressure sensors were recorded
throughout the experiment. In fig. 1 shows graphs of
pressure changes in the well and in the massif of the
plastic reservoir in the pressure-time coordinates at dif-
ferent distances from the axis of the well.

From fig. 1 shows that when the pressure in the well
model decreases (corresponding to the moment when
the well opens the mass of plastic rocks), the pressure
decreases over the entire area of the mass. At the same
time, when the point is far from the axis of the well, the
magnitude of the pressure drop in the massif decreases
[10-14].

After closing the well, the nature of the pressure
change in the massif at different distances from the axis
of the well is significantly different. In the well and at a
distance of two radii of the well, the pressure remains
unchanged. At a distance of five radii, stabilization and
a slight decrease in pressure are observed first, and then
an increase. At a distance of more than 8R from the axis
of the well, the pressure increases and at a distance of
more than 11R it exceeds the set pressure. Over time,
the dynamics change: the pressure on the peripheral
sensors begins to fall, and in the well and near-well
zone - to increase. Fig. 2 shows graphs of pressure

.

N
W

[\

changes in the well and in the massif of the plastic layer
in the "pressure-distance" coordinates from the axis of
the well after sealing the well, which corresponds to
the state of the massif after fixing the well.

It can be seen from Fig. 2 that in this experiment the
maximum pressure changes in the massif of the plastic
layer occur at a distance from the axis of the well to
eight values of its radii. In the zone of distance along
the formation, which is equal to the distance of eight to
eleven well radii, pressure changes are insignificant.

The analysis of the graphs shows that the pressure
changes in the massif of the plastic reservoir model
have a pulse character. It is obvious that this character
is due to the periodic accumulation of energy in a cer-
tain zone of the massif and the shift towards the well
[11].

When assessing the stress-strain state of plastic rocks
around the well, it is necessary to take into account the
thermal conditions of the rocks. The difficulty of eval-
uating the resistance of rocks to thermal effects around
the borehole lies primarily in the fact that it depends on
the coefficient of linear temperature expansion of the
material, its modulus of elasticity, thermal conductiv-
ity. And also from the regularity of the distribution of
the temperature field, the state of the surface, the prop-
erties of the surrounding deposit, etc.
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Figure 2 — Graphs of pressure changes in the well model at sharp time intervals
after sealing the well, depending on the distance of the sensor from the axis of the well [8].

For example, if a body is heated unevenly in volume,
then the temperature deformations of individual ele-
ments corresponding to such heating become limited
due to the fact that neighboring elements interfere with
free deformations. At the same time, stresses will arise,
the distribution of which will depend on the regularity
of the temperature distribution.

If the material is homogeneous and the temperature
is the same throughout the volume of the body, then
temperature deformations inside the body are not lim-
ited by anything and do not cause temperature stresses.
Temperature stresses can occur only when the material
is heterogeneous in temperature coefficients of volume

expansion or due to uneven distribution of the temper-
ature field by volume. Also, temperature stresses can
occur under the condition of external limitation of tem-
perature deformations on the surface of the body.

Temperature stresses are always given by tempera-
ture deformation. Therefore, uneven temperature
fields, unlike uniform ones, can be accompanied by a
change in temperature stresses.

Most often, rocks consist of mineral particles ce-
mented together with different physical and thermal
characteristics. It is obvious that even with uniform
temperature fields, there are always volumetric temper-
ature stresses inside rock layers. Temperature stresses
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are caused not only by temperature, but also by heter-
ogeneity of structural components and anisotropy of
their thermal expansion and other properties at the
joints of grains or blocks of grains that make up the
micro- and macrovolumes of the body. In particular,
temperature stresses can affect the stress-strain state of
the massif when drilling ductile rocks, which must be
taken into account [13].

With a certain heterogeneity of plastic rocks under
the action of a uniform temperature field, temperature
stresses will arise due to the difference in physical and
thermal characteristics of non-homogeneous materials.
Such local thermal stresses affect the destruction of
rocks during drilling with an increase in the depth of
the well [12].

P
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t0t1 t2 tg
P

Prmax
P e

tt, t, t,

Figure 3 — The model of the development
of pressure on a column of casing pipes in
an inelastically deformed loosened compacted
near-stem rock massif [14]

The model of the development of pressure on a column
of inelastically deformed rock mass (salt, clay) loosened
around the well is shown in Fig. 3. In fig. 3. to — t; — time
period from the end of the column descent to the level
of solidification of the plugging material in the annular
space in the interval of fluid rocks; t; — t, — the time
during which the loosened volume of the rock is com-
pressed to the volume with the initial density before the
formation is opened; t, is the moment of time when the
pressure on the column reaches oc of the temporary re-
sistance to uniaxial compression of the rock; t, — t3 —
time of change of mountain pressure from c. to geo-
static pressure P,.

The task of predicting column pressures is to determine
the rock pressure at any point in time. Pressure, time and its
changes remain unknown. But the experimental depend-
ences of the temporary resistance to uniaxial compression
on the strain rate ov = f(v) on the density are known ¢ =f(p)
and density from the rate of deformation p = f(v) for salt
rocks. The physical mechanism of the processes and varia-
ble power capabilities of the rock in the zone of reduced
stresses is important. Stresses arise due to the pressure be-
hind the zone of reduced pressures.

In the absence of direct instrumental measurements of
column pressure in salt rocks, dynamometric measure-
ments of column pressure in creeping clays were used to
predict the pressure-time relationship. The pressure was de-
termined as the average of 11 pressure sensors.

1

0.8
= 0.6
&
A 0.4
) y=5E-06x2+0,0039% - 0,0128
0.2 R?=0,9692

0
0 100 200 300 400 500

t, sec
Figure 4 — Geostatic pressure - 2.633 MPa,
depth - 142.6 m, average density of overlying
rocks - 1847 kg/m3, test time - 658 days

As a first approximation, the approximating function
can be used to determine the pressure of salt and clay
deposits on fasteners at any moment in time:

P/P.=-5-10°¢+0,0039t+0,0128, 1)

where P; is the pressure at this moment in time, MPa;
R, - geostatic pressure, MPa;
t - time, days [Fig. 4].

Conclusions

During the conducted research, it was found that the
opening of the plastic layer of the well is accompanied
by a decrease in pressure in the layer. At the same time,
the intensity of the pressure drop decreases from the
well. When a plastic layer is opened by a well, a pres-
sure inversion is observed at a distance from the well.
After sealing the well, the pressure in the massif of the
plastic layer increases in the near-well zone and de-
creases in the peripheral zone and eventually equalizes
over the entire area. Pressure changes in a plastic rock
have an impulse character. Thermal stresses, which are
called residual, affect the destruction of rocks during
drilling with an increase in the depth of the well.

When developing the methodology, the results of
own experimental research, geophysical research in
wells, instrumental measurements of pressure develop-
ment over time on fasteners in mine construction and
literary sources were used.

The methodology needs clarification, which consists
in the need for direct instrumental measurements of the
pressure of salt rocks on the column. It is also neces-
sary to specify the measurements of the density of salts
in the well, for example, using "gamma-gamma"
logging. It is also necessary to carry out laboratory
experiments on finding compression curves at low
pressures. This will make it possible to specify the time
3.
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The development of practical aspects of environmental safety requires taking into account the necessary parameters of the tech-
nical condition of equipment, namely oil pipelines, including their operating conditions, climatic features of the regions, stand-
ardized risk and safety parameters, and residual resource based on reliability and durability indicators.

On the basis of the electrochemical corrosion mathematical pipeline model in the insulating coating crack under the action of
an aggressive electrolytic medium towards the pipeline metal, the dependence was obtained that allows to calculate the cor-
rosion depth of the pipeline wall during the work of macro-galvanic corrosion couples in the conditions of stable and periodic
stay of the aggressive solution in the damaged zone. The advantage of this model is the ability to predict the development of
corrosion over time regardless of the corrosive electrolyte chemical composition, the possibility of obtaining necessary design
parameters for operated structures. The developed dependencies of the pipeline section corrosion depth make it possible to plan
rationally the repair work, to predict the real terms of the structure work, to review the operation mode, etc. The obtained results
allow us to more reliably evaluate the bearing capacity of structures that operate in conditions of aggressive medium with
cracks

Keywords: environmental safety, oil pipeline, corrosion, pipe depressurization, risk

MoaenBaHHS PU3HKIB 0e3Me4HOI eKcIuTyaTanii HagpTonpoBoaiB
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PO3BUTOK MPaKTUYHUX ACTIEKTIB €KOJIOTIYHOI Oe3MmeuHoi eKCIuTyaTanii 00’€KTiB KPUTHYHOI iIHPPACTPYKTYPH, B TOMY YHCII
HaTONPOBOIIB BUMarae po3yMiHHs Ta BpaxyBaHHs HEOOXITHUX IapaMeTpiB TEXHIYHOTO CTaHy 00JIaJHaHHs, a CAME CTAJICBHUX
Ha(TOMPOBOIiB, BKIFOUAI0UX (PaKTHIHI YMOBH X €KCIUTyaTamii, KIIIMaTHIHI OCOOIMBOCTI PETiOHIB, CTAaHAAPTHU30BaHI Mapame-
TPH PU3UKIB Ta €KOJIOTIYHOT OE3MeKH, a TaKOX 3AUIIKOBHI pecypc iX eKCIUTyaTamii 3 BpaxyBaHHSAM MOKa3HUKIB HalIHHOCTI
Ta JOBTOBIYHOCTI. METOI0 JOCIiKEHHS € Po3poOIeHHs Ta TEOPETHYHA anpodarlis METOAUKN PO3PAXYHKY 3aJIHIIKOBOTO pe-
CypCy IUIIHKA HaTOMPOBOAY 38 YMOB HasIBHUX KOPO3IMHMX MOIIKOKEHB CTaJIeBOi TpyOH Ta ii po3paxyHkoBa mepeBipka Ha
OCHOBI MaTeMaTHYHOI MOJIENIi €NeKTPOXiMiuHOT KOpO3il cTaeBoro HahTONPOBOAY B TPILHMHI i30JSIIHOTO TOKPUTTS 332 YMOB
arpecHBHOTO BIUIMBY EIEKTPOITHYHOTO CEpEeOBHIIA HAa METal HaQTONPOBOAY 3alPOIIOHOBAHO Ta JOCTIIKECHO 3aJIeXKHICTh,
siKa JT03BOJISIE PO3paxyBaTH 3AJIHIIKOBY TOBLIMHY CTIHKM Ha AUIsAHII HadTonpoBoay. [lepeBaroro 1aHoi MOIeli € MOKIIUBICTD
IPOTHO3YBAHHS PO3BUTKY MPOLIECY SNEKTPOXIMIYHOI KOPO3il B yaci HE3aJIe)KHO BiJ XIMIYHOTO CKJIaJly arpeCUBHOTO SIEKTPO-
JTY, TAKOX MOJJIMBICTh BU3HAUCHHsS HEOOXIAHUX KOHCTPYKTHBHHMX MapaMeTpiB KOHCTPYKIIH, 0 eKCITyaTyroThcs. OTpH-
MaHi pe3ynbTaTH J03BOJISIOTH HAYKOBO OOIPYHTOBAHO OLIHUTH (DaKTHYHY HECydy 3JaTHICTh HATONPOBOILY 3 BpaxyBaHHAM
peabHUX YMOB €KCILTyaTallii KOHCTPYKIii. 3amporoHOBaHa 3aJIeKHICTh BCTAHOBJICHHS 3JIHIIKOBOT TOBLIMHHU CTiHKH Ha(TO-
HPOBOJLY JIa€ 3MOTY NPOTHO3YBaTH (GaKTUYHHMIT pecypc KOHCTPYKIIii, palioHaIbHO IIIaHyBaTH PEMOHTHI poOOTH, MEeperisiaTi
YMOBH €KCIUTyaTallii Tomo 3ais 3amo0iranHs MOKIHBOI po3repMeTH3allii JUITHOK Ha TOIPOBOTy BHACIIIOK €EKTPOXiMid-
HOI KOpo3il

Karwouogi cioBa: exonoriuaa Ge3rneka, HaQTOMPOBI, KOPO3isi, po3repMeTH3allis TpyOH, pu3nuK
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Introduction

Ukraine has an extensive network of steel oil pipe-
lines with a total length of about 5,000 km, which are
classified as high-risk facilities in terms of environmen-
tal safety. In the event of a breakdown, they pose an-
thropogenic and environmental risks of environmental
pollution due to oil and oil products and possible fires.
Corrosion damage to steel oil pipelines is one of the
factors that increase the anthropogenic and environ-
mental risks of environmental pollution. Understanding
and taking into account the regularities of corrosion
processes is the scientific basis for preventing increased
risks of environmental pollution during the operation of
existing oil pipelines and determining their residual ser-
vice life of steel oil pipelines.

Review of the research sources and publications

The development of the theory of technogenic and en-
vironmental safety justifies the practical consideration
of the parameters of the actual state of technical facili-
ties, namely oil pipelines and environmental condi-
tions, including operating conditions, climatic charac-
teristics of the regions, regulatory parameters of risks
and safety, which are justified by the criteria of surviv-
ability, strength, reliability, and service life. One of the
main factors in solving this problem is to consider the
concept of risk monitoring, which is based on periodic
data on the diagnostic state and standardised hazard pa-
rameters in the operation of such facilities. One of the
conditions for safe operation is the use of a comprehen-
sive system for monitoring the condition of materials
and structural elements in normal and emergency situ-
ations and analysing the risks of their operation at all
stages of the life cycle [1-3].

Risk analysis is the scientific basis for assessing inte-
grated technogenic and environmental safety, which is
based on methods, equations, patterns and criteria ob-
tained in fundamental fields of knowledge [3, 4].

For the analysis of integrated risks, there are devel-
oped management theories, system analysis theories,
disaster theories, methods of simulation and mathemat-
ical modelling, forecasting, mathematical statistics,
methods and systems of monitoring and diagnostics.

Thus, the development of scientific foundations for
ensuring anthropogenic and environmental safety of
steel oil pipelines in operation, which would consider
the features and patterns of their electrochemical corro-
sion processes, is an urgent problem, the solution of
which will reduce the risks of environmental pollution
during the operation of steel oil pipelines.

Analysis of recent research sources and publications.
Corrosion of steel oil pipelines is one of the negative
factors that increase the anthropogenic and environ-
mental risks of creating emergencies related to environ-
mental pollution. Domestic scientists have studied the
anthropogenic and environmental risks of operating
hazardous facilities [1-7].

The general issues of ensuring the safety of operation,
including the environmental safety of steel oil pipe-
lines, were dealt with by such scientists as
Kryzhanivskyi E., Gerasymenko Y., Andreikiv O.,
Poberezhnyi L., Grabovsky R., Zhdek A., Dmitrakh I.,

Ivanitskyi Y. Klymenko A., Lobanov L., Niki-
forchyn G., Skalskyi V., Fedirko V. and others, but
their works pay insignificant attention to the prevention
of technogenic and environmental risks of environmen-
tal pollution due to corrosion processes of steel oil pipe-
lines.

A few foreign scientists have carried out their re-
search.

Definition of unsolved aspects of the problem

Understanding and taking into account the regulari-
ties of corrosion processes is the scientific basis for pre-
venting an increase in the anthropogenic and environ-
mental risks of pollution of environmental components
during the operation of oil pipelines by establishing the
residual life of steel oil pipelines.

Problem statement

The purpose of the study is to develop and theoreti-
cally test a methodology for calculating the residual life
of an oil pipeline section under conditions of existing
corrosion damage to a steel pipe and to verify it.

Basic material and results

Risks R(?) in reliability theory are understood as the
following combinations of probabilities P(z) of occur-
rence of emergency events in time, on the one hand, and
mathematical expectation of losses U(?), on the other,
which determine the change in the level of security of
critical infrastructure facilities and the environment
from internal and external threats and hazards.

P)=Fr {P@), U1)} M

It is known [4; 5] that during operation, an oil pipeline
accumulates damage along a certain trajectory D (N, ¢,
o), which is determined by the load parameters: the
number of cycles N, stress o, and defectiveness.

To ensure the safe operation of the structure, instead
of critical damage Dc, which ensures the achievement
of limit states, permissible damage /D] is introduced
into the calculation, taking into account the system of
safety factors. The levels Dc and /D] divide the area of
safe operation and the area of marginal safety and dan-
ger, i.e. risk. Monitoring of the object's condition pa-
rameters in these areas is the basis for analysing the
risks of the object being in a particular state and the
conditions of its transition between them. The results of
the assessment of the object's state according to this
scheme have the form of a statistical function fand are
not the final solution to the problem, which also in-
cludes the determination of the time interval 4¢ until the
next examination of the state of the object under study.

In the probabilistic assessment of the interval 4¢, it is
advisable to accept the risk Rrof reaching the limit state
as a safety criterion. The designated interval A¢ should
ensure that the probability of possible failure does not
exceed the specified risk level /R. The value of this
risk should be set considering the potential hazard class
of the facility. If we use recurrent relations for the prob-
ability of the object's transition to the limit state Rq(?),
we can obtain an expression for estimating the optimal
time until the next moment of the object's inspection.
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Thus, in the general case, it is possible to consider two
main types of scenarios of risk change R(?) in time t.
The first includes scenarios for managing the safety of
the analysed facilities under the conditions of normal
operation of the oil pipeline section with a monotonic
increase in risks R(?) to acceptable levels /R(?)] at time
[t]. At the same time, critical risks R;(?) are not reached.
Currently, appropriate measures are required to reduce
the current risks R(?) when the risks to the system in
question remain at acceptable levels.

The second type includes scenarios in which instabil-
ity points can be created when risks increase danger-
ously to a critical point at time ¢ = ¢, and the value of
R(?) in this case is equal to Ri(?). As a rule, instability
points in the system are the appearance of zones of local
damage in the pipe section and the emergence of exter-
nal threats to its normal operation.

The thickness of the pipeline wall is a parameter that
determines its strength. Although each pipe has a cer-
tificate, a verified strength calculation must be carried
out, for which purpose it is necessary to establish the
actual wall thickness, taking into account the operating
pressure and the maximum permissible wall thickness
at which depressurisation of the pipeline with subse-
quent oil or oil products spillage will not occur.

The permissible residual wall thickness of the pipe-
line corresponds to the full exhaustion of the structural
life.

The pipeline is subject to longitudinal, annular, and
radial stresses. Radial stresses are much smaller than
longitudinal and annular stresses, so they can be ig-
nored in the strength checks.

The strength of the pipeline is checked using the well-
known limit state method. This means that the stress
state of the pipeline is such that its further operation is
impossible. The first limit state is the bearing capacity
(destruction of the pipeline under the influence of inter-
nal pressure), and the second is the maximum permis-
sible deformation. A characteristic of the bearing ca-
pacity of pipelines is the temporary resistance of the
metal, or tensile strength.

Failure of a steel oil pipeline in terms of bearing ca-
pacity is a condition when the stress from the design
loads and impacts in the area under study exceeds the
yield strength of the pipe steel:

o> R (1)

where o — longitudinal axial stress from design loads
and impacts, MPa;

R — calculated resistance of the pipe material (yield
strength).

Pipeline strength is ensured by considering the
stresses that occur in the pipeline during operation and
comparing them with the pipe material resistance R.

When determining the stress state of the pipeline to
check the first limit state, the stresses that affect the de-
structive pressure are considered.

Strength testing of underground pipelines to exclude
unacceptable deformations is performed based on the
following conditions:

[UlongN] < (/)2 Rl s (2)

m
7= ok, ®

n

where [0owngnv] - longitudinal axial stress from design

loads and impacts, MPa;

¢ — a coefficient that takes into account the biaxial

stress state of the pipe metal (at tensile stresses it is

taken equal to 1);

R1, R, — calculated tensile (compressive) strength, MPa.

Rn

1%n

_Rim

R, =
Kok,

2

m — pipeline operating conditions factor;
ki1, k> — reliability factors by pipeline material;
kn — reliability factor for the purpose of the pipeline.

The longitudinal axial stresses are determined from
the design loads and impacts, taking into account the
elastic-plastic behaviour of the metal. For straight sec-
tions of underground pipelines in the absence of trans-
verse and longitudinal movements and ground subsid-
ence, longitudinal axial stresses due to internal pres-
sure, temperature difference and elastic bending are de-
termined by the following relationship:

o = 0.15pD, QEAL+ ED,,,

mnt
P ) 2p )

where p — operating pressure, MPa;
Diny — internal diameter of the pipeline section, cm;
_ph;

O-an_—m’ 6
s (6)

where 6 — nominal wall thickness of the pipeline sec-
tion, cm;

a— coefficient of linear expansion of pipe metal, deg';
E — variable modulus of elasticity of the pipe material,
MPa;

At — calculated temperature drop, °C;

p — minimum radius of elastic bending of the pipeline
axis, cm.

The difference between the ultimate load-bearing ca-
pacity at the time of inspection and the calculated force
acting on the structure during operation creates a cer-
tain margin of safety, which can be considered when
calculating the remaining service life of a structure with
corrosion damage.

It is advisable to calculate the actual stresses occur-
ring in the pipeline at the time of inspection by taking
into account the reduction in the thickness of the pipe-
line wall, which is introduced into the calculation:

AS=5-h, ™)

where AJ— is the residual thickness of the pipeline wall
in the corroded area, mm;
h — corrosion depth, mm;

The level of annular stress in the pipeline with corro-
sion damage should meet the condition:

100

Academic journal. Industrial Machine Building, Civil Engineering. — 2 (61)' 2023
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25-m © (®)

Din — inner diameter of the pipe, mm;
0, — permissible ring stress.
The permissible corrosion depth of the pipe wall [/]
is calculated by the formula:
D
[k]=6- 4%

o

28, [+ ©)

where D,— outer diameter of the pipeline, mm.

As with pipes, formula (7-9) can be applied to both
internal and external corrosion. Formula (7-9) can be
written as follows:

[e]= - L%

——2—100% ,
2650 p)

(10)

where [&] = []/0 — permissible relative thinning of the
pipeline wall.

The actual absolute / (or relative) wall thinning must
be less than the permissible: h < [h] (or € < [g]).

Similarly, the inspection is performed by longitudinal
stresses and the permissible corrosion depth is calcu-
lated.

According to the requirements of [8], for sections of
oil pipelines that have corrosion thinning of the pipe
walls within certain limits, the working pressure is cal-
culated using the formula:

[p]: 2[O-an (5_h)] 11
Dy —2(6-h) (I
where /1 — corrosion depth of the oil pipeline wall, mm.

In addition, having the value of the permissible cor-
rosion depth of the oil pipeline section and knowing the
rate of the corrosion process, it is possible to determine
the remaining life of thf i)il pipeline section [6, 7]

h

Tz_._tb >
1

(12)

where [4] — is the permissible corrosion depth of the oil
pipeline section, mm
i — corrosion rate on the investigated section of the oil
pipeline, mm/year.
t» — time spent by the pipeline in these conditions, years.
It is recommended to determine the corrosion rate on
the investigated section of the oil pipeline by the devel-
oped mathematical model [7]
2(E _E ) w sin@cos@
i(x) = a . [ 3/4 Z c c >

= ks
C

(13)

K —is the electrochemical coefficient of the metal determined by
the formula K = A/(F-U) as follows K = 55.845/(2-26.80139) =
1.04183 g/A-h. According to reference material K =
1.0424 g/A-h;

A — atomic weight of metal, for iron 4 = 55,845 g/mol [10,
1)

U — metal valency, for iron n = 2;

F — Faraday constant,

F=96485.33 A-s/mol = 26.80148 A-hour/mol;
t — time duration, hours;
E., E. — are the potentials of the anode and cathode
sites, respectively, V;
v — the specific electrical conductivity of the electrolyte,
is the inverse of the resistivity of the electrolyte, i.e.
y=1/p;
L — a coefficient that depends on the specific electrical
conductivity of the electrolyte and the polarisation co-
efficient;
a — width of anode selector, m;
¢ — width of cathode selector, m;
x, y — flow coordinates;
k=1,2,3.

The Commission on Atomic Weights and Isotopic
Abundances [10] has changed the recommended
value for the standard atomic weight of iron to
A(Fe) = 55.845 g/mol [11] based on recent calibrated
positive thermal ionization mass-spectrometric meas-
urements carried out on a metallic iron sample of high
purity. The magnitude of the uncertainty on this value
is mainly due to the variations of iron isotopic compo-
sition found in geological and biological samples.
The previous value of A4(Fe) = 55.847 was assigned in
1961, based on mass-spectrometric measurements and
value 4(0) = 16 g/mol. Values concordant with
A(O) = 15.99941 g/mol include: 1894, 56.04; 1896,
56.02; 1900, 56.0; 1901, 55.9; 1909, 55.85; 1912,
55.84; 1940, 55.85; and 1961, 55.847 g/mol.

The proposed methodology for calculating the resid-
ual allowable thickness of the oil pipeline wall as a pa-
rameter that determines the pipe's service life and its
safe operation has been tested in assessing the condition
of a section of an existing oil pipeline under the condi-
tions given in Table 1.

The results of calculations of the residual life of the
oil pipeline according to the dependencies proposed by
the author coincide with the calculations based on ex-
isting methods with a relative error of 17%.

The novelty of the research is to prevent pollution of
environmental components due to depressurisation of
the oil pipeline section by applying the developed
methodology for determining the depth and permissible
depth of corrosion of a steel oil pipeline during the op-
eration of a macro galvanic corrosion couple under the
influence of an aggressive electrolytic solution, as well
as the methodology for determining the residual life of
its technogenic and environmental safety of operation,
which will allow predicting the development of corro-
sion processes on a steel oil pipeline and planning the
necessary measures.
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Table 1 — Nomenclature and values taken to calculations

Parameter Designation Units of Meaning
measurement
| Initial data
Outer diameter of the oil pipeline D, mm 530
Pipeline wall thickness d mm 9
Tensile strength of the pipe material c MPa
Operating pressure in oil pipelines p MPa 5.04
Potential difference between galvanic pairs AE mV 0.06
Lifetime of the pipeline te year 15
Area of the corroded area a cm? 0.0024
Calculated values

Permissible ring stress c MPa 363
Corrosion current of the galvanic cell I Alcm? 0.88x10*
Corrosion rate of the galvanic couple I mm/h 3.17x10°
Corrosion rate of the galvanic couple I mm/year 0.27
Estimated corrosion depth at the time of inspection h mm 4.05
Permissible pressure at the defect at the time of inspection [p] MPa 8.17
Permissible wall thicknesses [h] mm 5.37
Residual life-1 T year 20.94-15=5.94 years
Residual life -2 T year 19.88- 15=4.88 years
Permissible x value [x]

Conclusions.

In order to reduce the likelihood of emergencies with
increased risks of their occurrence and minimise dam-
age from their manifestation, a set of measures should
be implemented for potentially hazardous critical infra-
structure facilities, taking into account the nature of the
hazard sources and the peculiarities of their manifesta-
tion, permissible operating modes and the possibility of
using threat prevention measures based on the results of
comprehensive diagnostics and monitoring of the facil-

1ty.

To solve the problems of ensuring environmentally
safe operation of main oil pipelines, it is advisable, first
of all, to apply a set of modern methods and means of
controlling the parameters of the state of critical infra-
structure and the environment in real operating condi-
tions, the use of monitoring systems and analysis of data
on the environment and possible external influences on
the system under study, the use of databases with
sources of hazards and scenarios of emergency situa-
tions, criteria for their assessment and methods of.
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Taking into account the existing experience of waste management in the EU countries, Poltava region is gradually implement-
ing the practice of a cluster (subregional) approach, launched by the Deutsche Gesellschaft fiir Internationale Zusammenarbeit
(GIZ) GmbH project as part of the international project "Municipal Reform in Eastern Ukraine". Within the framework of this
research, an approach to assessing the condition of landfills was proposed and tested on the example of the Novoorzhytska
community in Poltava Oblast, based on which the landfills were classified, the status of each landfill was determined, and
appropriate recommendations were made for their further closure/liquidation or the possibility of reconstruction/maintenance
and further controlled operation
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BpaxoByroun icHyrouHii TOCBifl yIIpaBIiHHS Bigxonamu y kpaiHax €C, [TontaBcbka 001aCTh OSTAITHO BIPOBAIKYE MPAKTUKY
KJIacTepHOTO (CyOperioHalBHOT0) MiaXonoy,  3amodarkoBaHoro mpoekrtoM Deutsche Gesellschaft fiir Internationale
Zusammenarbeit (GIZ) GmbH B pamkax peaizanii Mi>kHapogHoro npoekty «Pedopma ynpapiinas Ha cxoni Ykpainn». Came
MHUTaHHS YIPaBIiHHI CTAHOM 3BAITHI TOOYTOBHX BiJIXOJIIB € OJTHUMH i3 KJIFOYOBHX NPH (GOPMYBaHHI Ta MOJATBIIOMY PO3BUTKY
CHCTEM YIPpAaBIIiHHS BiIX0JaMH Ha MiCIIEBUX PiBHSIX, 30KpeMa Ha piBHI KiacTepiB. B Xxofi npoBeneHHs JOCIIKEHb 3aCTOCO-
BYBQJIUCh METOIY HATYPHUX (TIOJIHOBHX) 0OCTEKEHB EKCILTyaTalliifHOTO CTaHy 3BAIUIL TOOYTOBHX BiIXO/iB, METOJ| BepHika-
mii Ta cucTeMaTn3aii 3i0paHuX JaHuX. B paMkax maHWX JOCIiIKEHb 3aPOIIOHOBAHO Ta alpoOOBaHOTO Ha npukiaai Hosoo-
pkumpKoi rpomann [lontaBebkoi 001acTi, mMiaXid MIONO OIIHIOBAHHS CTaHY 3BAUIN 32 SKCIUTyaTalllfHUMH NOKa3HUKaMHU Ta
MOKAa3HUKAMH €KOJIOT19HOI Oe3MeKH, OCHOBHUMH 3 SAKHX €: KOOPAWHATH MicIlsl PO3MIIIEHHs, IIOMIA BiIBEACHOI 3eMENTBHOT MTi-
JISTHKH, (aKTUIHUE 00CAT pO3MINICHUX BiAXOMIB, (PaKTHYHA OCEpEelHEHa BHCOTA IIApiB PO3MINICHUX BIiAXOIIB, HAsSBHICTH
i1’ 13HOT JOPOTH, JOTPUMAHHS CaHITAPHO-3aXMCHOI 30HH HABKOJIO 3BAJUINA, BiICTaHI O HAHONMKYMX BOJHUX 00’ €KTIB, Ji-
COBHX MaCHBIB, CiJIbCHKOTOCITOAPCHKHUX 3eMenb, 00’ ekTiB [13P, aBTOMOGINBHUX i 3aMi3HUYHUX NUISIXIB 3aralbHOI MEPEKi
Tomo. Ha ocHOBI pe3yJnbTariB OLiHIOBaHHS OyJo 3AiHCHEHO KiIacH(iKallilo 3BAJMIL 3TiHO 3alpPONOHOBAHUX KAaTEropii: 3a
CTaHOM EKCIUTyaTallil, 3a po3MipaMu Ta 00CsAroM HAKOIMMYEHHS BiXO/IB, 32 CTAHOM (YHKIIOHYBaHHS 3BaJIUIIA, 32 HASBHICTIO
pO3TallyBaHHS HaOMMKIOTO CAaHKIIIOHOBAHOTO/PEKOMEHIOBAHOTO MiCIl BUIaJICHHS BinxoniB. JlaHa kinacudikamis Oyna BH-
KOpUCTaHa BH3HAYEHHS CTaTyCy KOXKHOTO i3 3BAJMII Ta HaJaHHS BiIIOBIAHMX pEKOMEHAAMiil MOM0 iX MOAANBLIOro 3a-
KPHTTS/MiKBigamii 200 MOXKIIMBOCTI PEKOHCTPYKIIii/TEXHIYHOTO 00CITyTOBYBaHHS i IOJAJBIIOI KOHTPOJIBOBAHOT EKCILTyaTallii.
BucHOBKOM aHOT pOOOTH € HACTYIIHE: 3alIPONIOHOBAHHHN Y poOOTI MiaXiJ MOXKe OYTH OCHOBOIO 00’ €KTHBHOTO TUIAHYBAHHS Ta
oprasizatiii po0iT 3 yrnpaBiHHs CTAHOM 3BaJIMII TOOYTOBHX BiXO/iB Ha PiBHI Oy1b-KOi TEpUTOPiabHOT TPOMaU, KpPiM TOTO,
JAHUX MiIXi] MOXKE CTaTH OCHOBOIO ISl BUOOPY ONTHMAIBHHUX 3 TEXHOJIOTTYHOT Ta eKOHOMIYHOT CTOPiH METOIB 3aKPHUTTsI/JIi-
KBiauii # moabIIol peKyIbTUBALIT TUITHOK JaHUX 3BaJIUII

Kaiwouogi ciioBa: 3Banuia moOyTOBHUX BiIXO/IB, YIPABIIHHS BiIX0JaMH, €KOJIOTTYHUH MEHEIKMEHT
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Introduction

Domestic waste disposal sites (landfills/dumpsites)
that have been in operation for a long time are tradition-
ally considered to be objects of increased environmen-
tal and sanitary-epidemiological hazard. Their opera-
tion is associated with risks caused by the emission of
chemical and biological contaminants, migration of gas
emissions, hard-to-predict deformations of the landfill
body, spontaneous combustion effects and, as a result,
fire hazards.

The absence of developed approaches to analysing
and managing risks in the operation of household waste
dumpsites and risks to adjacent territories leads to an
unjustified choice of methods for their closure/liquida-
tion and the lack of planning for the management of
these dumpsites, which consequently leads to a long-
term natural process of restoring the condition of land
plots after the dumpsites cease to operate.

Review of the research sources and publications

The National Waste Management Plan provides for
specific measures for household waste disposal sites
that do not meet sanitary and environmental require-
ments for their subsequent closure [1]. The main ones
are: inventory and risk assessment of waste disposal
sites; preparation and approval of lists of landfills and
waste dumps that should be closed and a list of those
that should be brought into compliance with the estab-
lished requirements, with the development and ap-
proval of relevant action plans; decommissioning/clos-
ing of landfills and waste dumps that do not meet the
established requirements; development of projects and
reclamation of landfills and waste dumps.

The first stage of the assessment (inventory) of house-
hold waste dumpsites was carried out in 2016-2017 as
part of the development of the Comprehensive Solid
Waste Management Programme for Poltava Oblast for
2017-2021 [2], the primary task of which was to estab-
lish the actual number of operating dumpsites and land-
fills in the oblast and assess their condition in accord-
ance with the requirements established by the current
legislation of Ukraine [3]. As a result of this work, the
following procedure for the operation and decommis-
sioning of landfills and dumpsites was prepared and ap-
proved at the regional level [4].

The methodological and practical aspects of the land-
fill assessment and the experience gained by Poltava
Oblast specialists were outlined in a specially prepared
manual on solid waste management, which was devel-
oped and published with the support of Deutsche Ge-
sellschaft fuer Internationale Zusammenarbeit (GIZ)
[5] and taking into account scientific and practical ap-
proaches and experience in this area [8-10].

At the stage of developing regional-level state plan-
ning documents, such as the "Regional Waste Manage-
ment Plan in Poltava Oblast until 2030" [6] and the
Comprehensive Household Waste Management Pro-
gramme in Poltava Oblast for 2022-2030 [7], experts of
National University "Yuri Kondratyuk Poltava Poly-
technic" also systematised data and analysed waste dis-
posal sites, in particular the state of household waste

dumpsites, for all communities of the oblast and pro-
vided preliminary recommendations on their further
status, which required a more detailed inspection of the
dumpsites, making necessary adjustments and making
decisions at the local levels on the further opera-
tion/closure of the dumpsites.

Definition of unsolved aspects of the problem

The work carried out in Poltava Oblast in 2016-2021
to collect data on existing household waste disposal
sites and to carry out an initial assessment of their con-
dition was primarily aimed at creating a database of the
locations and operational condition of these facilities.
However, this work was carried out on the basis of of-
ficially provided data by local authorities, which was
accompanied by a fairly significant amount of inaccu-
rate and imperfect information.

Therefore, the issue arose of clarifying the objectivity
of all the information collected, conducting field sur-
veys to enable the use of the created database and plan-
ning and management of the landfills.

Problem statement

The aim of this study is to systematise the experience
gained and develop a methodological approach to as-
sessing, planning and managing the state of household
waste dumpsites at the local level, i.e. at the level of
territorial communities.

Basic material and results

The study on assessing the state of household waste
dumpsites was conducted for the Novoorzhytska terri-
torial community.

According to the data provided by the executive com-
mittee of the Novoorzhytska ATC, the total number of
household waste dumpsites/landfills located in the
community is 14. During the on-site survey carried out
as part of the Global Project "Support to the Environ-
mental Technology Export Initiative", 16 landfills were
identified, which were assigned identification numbers
001 to 016, their locations (coordinates) and the pres-
ence/absence of technical documentation for land plots
and the availability of other legal documents for the use
of these land plots were clarified.

In the process of identifying the dumpsites, an anal-
ysis of the current household waste collection system in
the Novoorzhytska community was carried out to iden-
tify those dumpsites that are spontaneous and illegally
operated. Accordingly, it was found that:

- almost all settlements in the community have a cen-
tralised waste collection system, except for 5 small vil-
lages with less than 50 residents, and therefore house-
hold waste is taken out of them by people on their own
to the nearest landfills;

- 8 landfills (identification numbers - Ne 001, 005, 006,
007, 011, 013, 014, 016) serve all settlements of the
community (except for the 5 smallest villages);

- the remaining 8 dumpsites are spontaneous (identi-
fication numbers: 002, 003, 004, 008, 009, 010, 012,
015), 3 of which are already inactive (identification
numbers: 002, 004, 012). Residents of the nearest vil-
lages (Kotliarevske, Novselivka, Lazirky, Karpylivka,
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Hintsi, Yenkivtsi) illegally dump household waste at

these landfills.

In the course of the study, data on the state of house-
hold waste landfills in the Novoorzhytska community
was verified, and their classification was carried out.

The classification criteria were selected based on the
parameters that were formed when analysing a set of
data on the state of household waste dumpsites col-
lected as part of the development of the WFMP [6].

Accordingly, within the framework of these studies,
an approach to the classification of household waste
landfills was developed, on the basis of which the fol-
lowing categories of landfills were established:

1) when determining the category of landfill, landfills

were identified by their state of operation:

— authorised landfills that are included in the system
of household waste collection and removal defined
in the community, which have documents for the
land plot used for the landfill needs executed in ac-
cordance with the legal procedure: a land manage-
ment project with a cadastral plan of the land plot,
a state act for the right to use the land plot or an
extract from the State Register of Real Property
Rights on registration of ownership of the land plot
or for which there are decisions of local councils on
the allocation of land;

— unauthorised landfills that are included in the com-
munity's waste collection and disposal system, but
these land plots do not have legal documents in ac-
cordance with the current legislation and do not
even have local council decisions, or landfills that
have local council decisions but are not included in
the community's current waste management sys-
tem;

— natural dumpsites, the right to operate which and
the respective land plots was not granted by local
authorities (therefore, there are no legal docu-
ments), these dumpsites are not included in the sys-
tem of household waste collection and removal de-
fined in the community, and waste is taken to them
by the population on their own, i.e. spontaneously;

2) determining the category by size and volume of ac-

cumulated waste:

- landfills were identified by the size of the site: small

landfills - site area less than 1 hectare, medium landfills

- site area 1-10 hectares, large landfills - site area over

10 hectares;

- dumpsites were identified by the load of the site with

the volume of waste removed: low-loaded - with waste

volumes up to 1000 m3 per 1 ha, medium-loaded - with
waste volumes from 1000 to 5000 m3 per 1 ha, heavily
loaded - with waste volumes over 5000 m3 per 1 ha;

3) by the category of landfill operation:

- operating landfills - landfills where household and
other waste was disposed of during the last year;

- inactive landfills - landfills where no waste was re-
moved in the current year and, accordingly, the re-
moved waste masses have already been overgrown
with vegetation and cannot be clearly identified by
morphological composition;

4) landfills were categorised according to the nature
of the site's topography: flat, pit, slope, watershed,
gully and ravine, quarry, and mixed;

5) the category was determined based on the location
of the nearest authorised or recommended landfill:

- an existing authorised/recommended landfill within
10 km;

- an existing authorised/recommended landfill is lo-
cated more than 10 km away.

Analysing the status of the 16 identified household
waste dumpsites in the Novoorzhytska community,
each of them was assigned the appropriate categories:
= category by the state of operation: 3 authorized land-
fills (no. 001, 006, 007) that have developed land
management documentation, 3 more landfills (no.
011, 013, 014) require updating of administrative
documentation to allow authorized operation of these
landfills, 2 landfills (no, 016) are part of the system
of centralised collection and removal of solid waste
agreed with local authorities, but this decision is not
confirmed by administrative documents, which
means that the dumpsites operate as unauthorised,
and the remaining 8 dumpsites are spontaneous;
category by the size and volume of accumulated
waste: 2 authorised landfills are classified as medium-
sized and 1 unauthorised landfill is classified as small
but medium-loaded, while the remaining 13 landfills
are classified as small and lightly loaded;
category by the state of operation of the landfill: 3 in-
active landfills, all of which are spontaneous.

In order to make further decisions on the operation

ofthe 13 landfills (not including the 3 already inactive
ones) or their closure/liquidation, an analysis of the
state of household waste landfills was carried out in
terms of operational characteristics (Table 1) and en-
vironmental safety indicators (Table 2).
Based on the results of the analysis of the operational
condition of landfills and their environmental safety pa-
rameters, including the environmental condition of the
adjacent territories, a generalised classification of land-
fills was made to determine their future status in terms
of further operation or closure/liquidation, as follows:

1 group of landfills - landfills that have the status of
active with the possibility of further operation: Ne006,
013,014, 016;
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Table 1 — Analysis of the state of solid household waste landfills in the Novoorzhytska settlement

territorial community by operational characteristics

Performance characteristics
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1 2 3 4 5 6 7 8 9 10 11 12
001 Voronintsy 5323 Active / 0,64 1,2 from no/ A solid no no Authorised
680400:00: since 1.5 no waste landfill
007 :0036 / 2011 to storage
50.029594 2.5 area has
32.693604 m been set
up
002 Kotliarevske -/ Inactive/ | 0,26 0,11 to no/ no no Inactive, requires
50.012304 over 15 1.5 no liquidation/sanitation
32.686828 years old m
003 Kotliarevske -/ Active / 0,52 2,8 from no A solid yes no Landfill in
50.010503 over 20 1.2 waste Novoorzhyt
32.691738 years to storage ske (016) /
2.5 area has about 6 km
m been set Landfill in
up Vyshneve
(006) /
about 8-9
km
004 Novoselivka -/ Inactive/ | 0,18 0,090 avera no no no Inactive, requires
50.008292 over 10 ge - liquidation/sanitation
32.731321 years old abou
t0.5
m
005 Cherevky -/ Active / 0,12 0,9 to no/ no yes no Landfill in
49.973393 over 20 2.0 no Novoorzhyt
32.762267 years m ske (016) /
about 6 km
006 Vyshneve 532368260 Active / 111 53 from | no/ A solid yes no Authorised
1:01:020:01 over 20 75 0.7 no waste landfill
80/ years, to storage
49.988735 | according 2.0 area has
32.628194 to the m been set
land up
managem
ent
project -
since
2019
007 Lazirky 532368300 Active / 1,72 6,8 to no A solid yes Hilling | Authorised
0:00:001:00 over 15 2.0 waste landfill
04 years, m storage
50.099428 | according area has
32.628164 to the been set
land up
managem
ent
project -
since
2011
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008 Lazirky -/ Active / 0,1 0,08 to no no yes no -
50.064143 over 15 0.7
32.668917 years m
009 Karpylivka -/ Active / 0,7 0,07 to no no no no Landfill in
50.147789 since 0.5 Dukhove
32.666975 2006 m 011)/
about 8 km
010 Gintsy -/ Active / 0,3 0,08 to no no no no Landfill in
50.150535 since 1.5 Dukhove
32.781517 2005 m 011)/
about 3 km
011 Dukhove -/ Active / 0,5 0,17 to no no no no Recommen
50.148831 since 1.0 ded landfill
32.712115 2005 m site
012 Gubske -/ Inactive/ | 0,12 0,07 to no no no Inactive, requires
50.108179 over 20 0.7 liquidation/sanitation
32.823507 years old m
013 Tarandintsy -/ Active / 0,6 0,38 to no no no Hilling | Recommen
50.074483 since 2.0 s ded landfill
32.809811 2012 m sprinkli site
ng
014 Biyevtsi -/ Active / 1,05 0,31 to no no no Hilling | Recommen
50.157287 since 1.5 ded landfill
32.887475 2009 m site
015 Yenkivtsi -/ Active / 0,02 0,05 to no no yes no Landfill Ne
50.114070 over 15 1.0 013 or
32.887493 years m NeO14 /
about 6 km
016 | Novoorzhytsk -/ Active / 0,31 2,8 from no A solid yes Hilling | Recommen
e 50.015647 over 20 (subj 0.8 waste ded landfill
32.756776 years ect to storage site
to 1.5 area has
land m been set
expa up
nsion

* - Technical equipment of the landfill: access road; solid waste storage area; engineering structures and communications; truck
scales; a set of hydraulic structures to protect against flooding by rain and melt water, to prevent leachate from entering external
drainage facilities; treatment facilities; fencing; availability of a biogas collection and utilisation system; availability of a
drainage system for leachate collection and disposal; availability of a land reclamation project; availability of a protective
screen for the landfill/landfill surface; availability of impervious surfaces; deodorisation/disinfection/disinsection/deratisation;
fire safety measures; availability of mechanisation equipment.
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Table 2 — Analysis of the state of solid household waste landfills in the Novoorzhytska settlement
territorial community by environmental safety indicators

Environmental safety indicators
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S = °cg |2 = S ¢ > 2 < a8 2 z 5
1 2 3 4 5 6 7 8 9 10 11
001 Voronintsy No yes yes no yes yes yes no no
(200 m) (250 (10 m)
m)
002 | Kotliarevske No yes no (5 m) no (7 m) yes yes yes inactive, requires
(400 m) liquidation/
sanitation
003 | Kotliarevske no yes yes no yes yes yes no no
(320 m) (10 m)
004 | Novoselivka yes yes yes no (7 m) yes yes yes inactive, requires
liquidation/
sanitation
005 | Cherevky yes yes no (5 m) no yes yes yes no no
(10m)
006 | Vyshneve yes yes yes no (8 m) yes yes yes no no
007 Lazirky no yes yes yes yes yes yes no no
(400 m)
008 | Lazirky no yes yes no no (2 m) yes yes no no
(100 m) (300 (15m)
m)
009 | Karpylivka yes yes yes no yes yes yes no no
(100 m)
010 | Gintsy no yes no (10 m) no no (5 m) yes yes no no
(300 m) (60 m)
011 Dukhove yes yes no no yes yes yes no no
(next to) (10 m)
012 | Gubske no yes no no yes yes yes inactive, requires
400 m next to 10 m liquidation/
q
sanitation
013 | Tarandintsy yes yes yes no (5m) yes yes yes no no
014 | Biyevtsi yes yes yes no no yes yes no no
(75 m) (137 m)
015 | Yenkivtsi no (20 m) yes no no no yes yes no no
(next to) (75 m) (60 m)
016 | Novoorzhytske yes yes yes no yes yes yes no no
(25 m)

1.1 as a separate subgroup - landfills that have the
status of active landfills and can remain in operation
only after appropriate adjustment of the size of land
plots and appropriate landscaping: Ne007, 011;

2 group of landfills - landfills that have the status of
operating landfills with the need for further closure:

Ne001, 003, 005, 008, 009, 010, 015;

3 group of landfills are inactive landfills: Ne002, 004,
012.

Based on the results of this classification, the
following recommendations are provided for the 13
household waste dumpsites operating in the
Novoorzhytska community:
= to leave 4 landfills in operation, including:

- 3 landfills near the villages of Vyshneve (Ne006),
Tarandyntsi (Ne013), Biyevtsi (Ne014), which are
included in the existing waste management system in
the community and function as authorised landfills, but
require a range of works on technical and technological
arrangement of landfills in accordance with legal
requirements, and landfills Ne 013 and 014 also require
updating of administrative documentation for the land
plot and its relevant legal registration;

- 1 landfill near Novoorzhytske (Ne016), which is also
included in the existing waste management system in
the community, but does not have title documents for
the land plot, requires expanding the boundaries of the
involved plot and developing a land management
project;
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= to consider the possibility of adjusting the
landfill site in Lazirky village (Ne 007) to ensure the
SPZ around the landfill is at least 500 m in size, or to
leave this landfill site as a reserve with a set of works
on landscaping the landfill site, partially releasing its
territory from the removed waste and preserving the
site;

= 4 unauthorised dumpsites Ne003, 008, 010, 015
require priority closure and liquidation due to their
significant non-compliance with environmental
requirements, complete lack of maintenance and
control over the condition of the dumpsites, their non-
involvement in the centralised community collection
and removal system, and, accordingly, the possibility
of removing waste to authorised dumpsites at a distance
of up to 10 km;

= 1 small authorised landfill Ne0O1 also requires
priority closure and liquidation due to its non-
compliance with key environmental requirements and
the inability to bring the landfill's condition in line with
current legal requirements;

= at the next stage (starting from 2024), 3 more
landfills Ne 005, 009, 011 may be planned for
liquidation as small landfills that are not properly

maintained, do not meet certain requirements of
environmental legislation and further maintenance of
such facilities is irrational.

Conclusions. This study assessed the operational
condition and level of environmental safety of
household waste landfills in the Novoorzhytska
community of Poltava Oblast, based on the proposed
methodological approach to assessing household waste
disposal sites. The results of the research showed
sufficient objectivity of this methodological approach,
which was discussed with representatives of local
authorities and the utility company.

Accordingly, the approach tested in this study allows
for further objective planning and organisation of work
on managing the state of household waste dumpsites at
the level of any territorial community. In addition, this
approach can serve as a basis for selecting the most
appropriate methods of closure/liquidation and
subsequent reclamation of these landfills from the
technological and economic aspects.
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