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INVESTIGATION OF ADMIXTURE SEDIMENTATION
IN THE HORIZONTAL SETTLER

Purpose. Sedimentation by gravity is the most common and extensively applied treatment process for the re-
moval of solids from water and wastewater and it has been used for over one hundred years. Sedimentation tanks are
one of the major parts of a treatment plant especially in purification of turbid flows. Horizontal settlers are mainly
used for purification of high quantity of water. In these tanks, the low speed turbid water will flow through the
length of the tank and suspended particle have enough time to settle. Finding new and useful methods for calculating
and increasing hydraulic efficiency of horizontal settlers is the objective of many theoretical, experimental and nu-
merical studies. But currently used models and methods in Ukraine do not allow taking into account geometrical
form and various design features. In this paper the numerical model was developed to evaluate the effectiveness of
horizontal settler with modified structure. Methodology. Numerical model is based on: 1) equation of viscous fluid
dynamics; 2) mass transfer equation. For numerical simulation the finite difference schemes are used. The numerical
calculation is carried out on a rectangular grid. For the formation of the computational domain markers are used.
Findings. The model allows obtaining the purification process in the settler with different form and different con-
figuration of baffles. Originality. A new approach to investigate the mass transfer process in horizontal settler was
proposed. This approach is based on the developed CFD model. The fluid dynamics model was used for the numeri-
cal investigation of flows and waste waters purification. To investigate influence of baffles on settler efficiency
physical experiment was carried out. Practical value. The developed model has more capacity than the existing
models in Ukraine. The developed model allows computing quickly the efficiency of water purification in settlers.
The model is not computationally expensive. Calculation time of one variant of the problem takes few minutes.

Keywords: CFD model; settlers; mass transfer; water purification; physical experiment

Introduction is the objective of many theoretical, experimental
and numerical studies [1, 6, 8, 10, 11, 12, 13, 14].
An approach in present paper for increasing hori-
zontal settler performance is to use system of baf-
fles and plates.

To obtain the horizontal settler efficiency the
empirical models are used in Ukraine [2, 3]. But
these models don’t allow calculating horizontal
settlers with comprehensive geometrical form and
different systems of baffles and plates. That’s why
it is important to develop CFD models having
more capabilities to simulate the process of the

Horizontal settlers are essential hydraulic struc-
tures which have to be engineered, designed and
constructed at all water treatment plants to remove
most of suspended solids which enters the intake
by polluted water. The bigger the settler, the best
the settlement of pollutants, but the expenses are
higher. Therefore, improvement of performance
and increasing of removal efficiency of horizontal
settlers by alternative method is necessary. Finding
new and useful methods for calculating and in-
creasing hydraulic efficiency of horizontal settlers
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waste waters treatment in settlers and which do not
need much computational time for running and
allow taking into account the geometrical form of
settlers [1, 8, 9].

Purpose

The objective of this paper consists of two
parts. The first part is the experimental investiga-
tion of flow in horizontal settlers. The second part
is development of the effective computer model
(CFD model) which is more effective than the em-
ployed in Ukraine models and which can be used
for prediction of the horizontal settler efficiency.

Methodology

Experimental investigation. The experiment
was carried out in the hydraulics water channel,
where the plates were established to form geome-
try of horizontal settler (Fig. 1). The main objec-
tive of the experiment was confirmation that plates
influence on increasing of horizontal settler effi-
ciency.

Physical experiments were carried out in hori-
zontal settler (Fig. 1, Fig. 2) with dimensions 1:100
to real settler (height — 2 cm; length — 24 cm; width
— 8 cm), which is in operating now at the coal mine
«Stepova», Pavlograd region.

Fig. 1. Experimental model
of horizontal settler without plates:
1 — distribution of the sludge inside the horizontal settler;
2 —distribution of the sludge outside the horizontal settler

Fig. 2. Experimental model
of horizontal settler
with plates (I'-shaped, vertical and horizontal):
1 — distribution of the sludge inside the horizontal settler
in the first zone (in front of the T'-shaped plate);
2 — distribution of the sludge inside the horizontal settler
in the second zone (in front of the vertical plate);
3 — distribution of the sludge
inside the horizontal settler in the third zone

Froude number was chosen as criterion

2
Fr =V—= idem
gl

Fig. 3. Sludge (1) on the bottom
of the classical horizontal settler (top view)

T R N SRR

Fig. 4. Sludge on the bottom
of the modified horizontal settler (top view):
1 — zone before T" — shaped plate; 2 — zone before vertical
plate; 3 — zone after vertical plate

At Fig. 3, Fig. 4 results of physical experiments
are shown. Table 1 presents mass of sludge, which
was settled at the bottom of each horizontal settler.
As we can see, mass of sludge at the bottom of
modified settler is higher, than in classical one.

Table 1

Results of the experimental investigation

settling velocity, cm/sec

Model of settler

0,75 0,90 1,05
classical horizontal 11 1,9 4,2
settler, ¢
modified horizontal 18 2,5 51
settler, g
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CFD model. For numerical modeling of mass
transfer process in horizontal settler CFD model
was developed. It consists of two models: mass
transfer model and model of viscous fluid flow.

Mass transfer model. To simulate the process
of water purification in the horizontal settler the
transport equation (1) is used [1, 5, 7, 9]:

oC ouC o(v—w)C
— + + +
ot OX

oC =

_g( @}g x)
"M ax )Ty My oy
where C is the concentration; u, v are the velocity
components in X, y direction respectively; w — is
the settling velocity; o — is the parameter taking
into account the process of flocculation and decay;
My My are the coefficients of turbulent diffusion in
X, y direction respectively; x; , y; are the Cartesian
coordinates;

The transport equation is used with the follow-
ing boundary conditions [1, 5, 8, 9]:

— inlet boundary: C|in|et =Cg, £

the known concentration (in the case study of this
paper it is dimensionless and equal to CE =100);

where C- is

— outlet boundary: in numerical model the con-
dition C(i+1,j)=C(i,]) is used. Here, C(i+1,))
is the concentration at the outlet boundary cell (this
boundary condition means that we neglect the
process of diffusion at this plane). C(i, j)is the

concentration in the previous cell.
Initial Condition:

C=0, for t=0 [12].

Fluid Dynamics Model. To simulate the flow in
the horizontal settler fluid dynamics model of vis-
cous flow was used.

The governing equations of fluid dynamics
model are equation (2) and equation (3).

Equation (2) is Poisson equation for flow func-
tion [4]:

2 2
L‘gﬁ_‘g:_@ )
ox- 0oy

Equation (3) describes vorticity transfer in fluid

[4]:

oo ue® Vo 1 (de o
—t——t—— == =t 3)
o4 ox oy Relox® oy

where Re _ Vb is Reynolds number.
A%

Boundary and initial conditions of this fluid
dynamics model are discussed in [7].

Computation of settling velocity. To compute
the settling velocity the following model is used
[11, 13]

W= WO (ele(Cfcmln) _ e7K2 (Cfcmm))

where K;, K; are experimental constants [11, 13].

Numerical solver. Numerical integration of
governing equations is carried out using rectangu-
lar grid. The geometrical form of the horizontal
settler in the numerical model is created using po-
rosity technique (markers method) [5, 7].

To solve Poisson equation (2) the following
difference scheme of splitting is used [7]:

— at the first step of splitting the difference
equation is

1
n+s n  —
Vi~ — Vi _ Vi .

At 2

— at the second step of splitting the difference
equation is

1 1 1 1 1
> n > > > n+=
Vi ~Vij _ Vi “VWiaj  Vij" ~Vija .

At AX? Ay? ’

— at the third step of splitting the difference
equation is

3 1 3 3 3 3
e > - - L U
Vi  — Vi~ ViajVij +\I’i,j+1_\lfi,j .

At AX? Ay?

— at the last step the difference equation is

3

1 n+ [
\Ifir}+ — Vi 4 :ﬁ
At 2

where

1
W; ;= Z((Di,j O 1Dy jat mi,j—l) .

Velocity components are calculated using the
following expressions
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Meay T AX

To solve equation (3) the change triangle dif-
ference scheme is used [7]. First of all velocity
components are written in the following form

wou sy <ML U
2 2
NP G B (12)

2 2

After that the convective derivatives are ap-
proximated using the following expressions:

ou*m

ox ~A+ (I+lj Ij Ij Ilj/AX
ou"® _ _

ox zAX('OZ(ui+1,j('0i+1,j i,j | j /AX
ov'eo . .

ay sz(’Oz(Vi,jJrl(’Oi,j I] I] -1 /Ay,
ove ,_ _
Fz/\ym:(vi,jﬂwi,jﬂ ij IJ /Ay

The second order derivatives are written as fol-
lowing:

2
oo . _
i ~ Lxxm_ Lxxm:

oa,yj)/AXZ,

:(_mi,j T Oy )/AX2 +((‘0i+1,j -

= (@1 _“’i,j)/Ay2 (o0 -0, )/Ayz '

The difference approximation of the equation
(3) can be written as follows

n+l n
Wi — 0

At

n
+(A: +A +A, +A;)(co”*l§+(l—§)m”)=

=%(|_;X FL +L, Ly (oM 4 (1-8)o)

(E+At§)(A: +AL+A +A;)m”+1—
—é—tea(L;x + L+ L, + |:yy)o)“+1 =
:(E—At(l—&)(/\; +AL A, +A;))m” +

At + - + -
+%(1—§)(LXX + Ly + Ly + Ly o
where & is parameter.

If £=1/2 we have the difference scheme which

has the second order of accuracy in time.
The change triangle difference scheme for
equation of vorticity transfer is written as follows

(E+%(A+ Aﬁ—%(ﬁ L )) "

=[E—%(A;+A;)+%(L§X+L;,y)jo>”;
(B (h )it Ly) o -

(E—%(N Ay )+

%(L;X L, )Jcom;.

Using these expressions the unknown meaning
of vorticity is computed using «running calcula-
tion» [7].

To solve the mass conservation equation (1) the
implicit difference scheme of splitting is used [1,
7]. At first step the physical splitting of equation
(1) is carried out:

oc ouc o(v—w)c
—+ +
ot Ox oX

oc_of, 06¢c) o, oc
ot ox\"Max) oyl M ay

At the second step the following approximation
of the first order derivatives are used [5]:

+occ=0

n+1 n
ac _Si S
ot At ’
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ouC _ou'C o ¢

X X OX
6VC 6VW? ov C
oy oy oy
ut n+l n+1
6u+C~ Yii1iGij IJC “Lj _ +on+l
OxX AX X '
ouC ~ u|+lJ ClTilj — Ui Cn+l =L Cn+1,
ox AX
+ n+l v n+1
8v+CzV| j+1CIj IJCIJ 1 _ten+l
oy Ay y '
- n+1 n+1
ov C _ Ij+1CI j+1 qu _|—ch+l
oy Ay y '

The second order derivatives are approximated
as following:

0 [ acj Cin —Ci™
ox\" " ox o AX?
+1 +1
- Cir,]j _S’in—l,j —MIC™ 4 MLC™,
: AX
of e, GG
ay y ay Y1 AyZ
—M Cir:H—l Cln]—il — M Cn+1 + M Cn+1
Y2

Ay?

Here we use notation v=v-w. In these formu-
las L', L, L+ L, L, L, M* M_ , etc. are the nota-

X1 =X XX XX !
tions of the difference operators [7].
After the approximation the solution of the dif-
ference equation is splitted in 4 steps [1, 7]:

— at the first step k =% the difference equation

LU (L+Ck+L+Ck)+ Sch-o:
2 y ij

— at the second step k=n+%;c=n+% the

difference equation is:

k c

ck_c¢
/U (L ckim ck)+ Sck_o:
At 2 y ij

— at the third step k =n+%;c=n+% the dif-

ference equation is:

k c
CI i CI i
At

_lim- CC+M;("XCk+M_ cCimt ck |
2 XX yy yy

— at the fourth step k=n+1c= n+% the dif-

ference equation is:

k c
CI i CI i
At

Y Ck+M;("XCC+M_ ckimt c¢
2\ xx yy yy

The developed numerical models where coded
using FORTRAN.

Findings

The developed computer model was used to
compute water purification in the horizontal settler
with two vertical plates (Fig. 5)

e N B B T Y T e B T T BT e e T e e )
[= I v R R B R T R T T T T T I BT R R T e e )

£ o oo oo
e o R

144141414141 42
41 41 41 41 41 41 41 41

T s = o=

Fig. 5. Concentration field
in the horizontal settler with two vertical plates

In Fig. 5 the concentration field in the settler is
shown. The concentration is presented using «Inte-
ger» form of number. Every number shows the
percentage of the concentration in the computa-
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tional cell. The maximum concentration is at the
inlet cell (it’s equal to «99») and the smallest con-
centration is in the outlet cell. This concentration
shows the efficiency of the settler.

The computational time was 5 min to solve the
fluid dynamics problem and mass transfer using
the developed numerical model.

Originality and practical value

Results of physical experiments are presented
in the paper. These results show the peculiarities of
sludge sedimentation in horizontal settler with ad-
ditional plates.

A new approach to investigate the mass transfer
process in horizontal settler was proposed. This
approach is based on the developed CFD model.
The fluid dynamics model was used for the nu-
merical investigation of flows in the settler. These
models use the rectangular grid and porosity tech-
nique to create the form of the settler in the nu-
merical model. The developed models have more
capacity than the existing models in Ukraine. The
developed models allow to compute quickly the
efficiency of water purification in settlers. The
models are not computationally expensive.

Conclusions

The experiments which were carried out in hy-
draulic laboratory confirm the idea that the addi-
tional plates in the horizontal settler can increase
the efficiency of water purification.

The CFD model was developed to compute the
flow field in horizontal settler. This model is based
on the equations of viscous flow. The process of
mass transfer in the horizontal settlers is simulated
using convection-diffusing equation. Numerical
study based on the developed models was carried
out. Results illustrate that the developed models
can be used to simulate the process of water purifi-
cation for settlers having comprehensive geometri-
cal form.

LIST OF REFERENCE LINKS

1. benses, H. H. MaremaTnueckoe MOJEIUpOBaHUE
MaccorepeHoca B OTCTOWHUKAX CHCTEM BOJOOTBE-
nenwnst / H. H. Benstes, E. K. Haropuast. — [Ininpo-
nerpoBebk : HoBa ineonorist, 2012, — 112 c.

2. Bacumienko, O. A. BonoBigBeneHHs Ta OYHUCTKA
CTiyHMX BoA Micta. KypcoBe i numiomMHe mpoek-
TyBaHHs. [IpuKinaay ta po3paxyHKH . HaBdY. 1Mocio.

10.

11.

12.

13.

/ O. A. Bacuiienko, C. M. Enosia. — Kuis ; Xapkis
: KHYBA : XHVYBA : TO Exckimosus, 2012, —
540 c.

Jlackos, FO. M. IIpumepsl pacueToB KaHaIW3aIIU-
OHHBIX COOPYKCeHHI : yueb. mocobue s By30B /
1O. M. Jlackos, }O. B. Boponos, B. . Kanuiys.
— Mockaa : Beicm. mik., 1981. — 232 c.
Jlonuauckuit, JI. T'. MexaHuka >KUAKOCTH U rasa /
JI. T. Jlotusackuii. — Mocksa : Hayka, 1978. —
735c.

Mapuyk, I'. 1. Maremaruyeckoe MOAEIMPOBAHUE
B mpobOiieme okpy»xkatomeit cpexast / I'. 1. Mapuyk.
— Mocksa : Hayka, 1982. — 320 c.

Haropnas, E. K. CFD-mozens mpoiiecca Maccore-
penoca B BeprukanpHoMm orcroitauke / E. K. Ha-
ropuast // Hayka Ta mporpec tpancnopry. — 2013.
— Ne 1 (43). — C. 39-50. doi: 10.15802/stp20-
13/9578.

UucrneHHOE  MOJCUPOBAaHHE  PACHPOCTPAHEHUS
3arpsi3HEHusI B Okpyskaromieii cpeae / M. 3. 3rypos-
ckuii, B. B. Crxoneuxuii, B. K. Xpym, H. H. bens-
eB. — Kues : Hayk. mymka, 1997. — 368 c.

Biliaiev, M. M. New codes for the CFD
simulation of the water purification in
the horizontal settler / M. M. Biliaiev,
V. A. Kozachyna // TIpo6iemu BomomOCTayaHHs,
BOJIOBiZIBeZIeHHs Ta riapapniku. — 2014. — Bum.
24.-C. 16-23.

Biliaiev, M. M. Numerical determination of
horizontal settlers performance / M. M. Bi-liaiev,
V. A. Kozachyna // Hayka ta mporpec TpaHcmiop-
ty. — 2015. — Ne 4. - C. 34-43. doi:
10.15802/stp2015/49201.

Critical modeling parameters identified for 3D
CFD modeling of rectangular final settling tanks
for New York City wastewater treatment plants /
K. Ramalingam, S. Xanthos, M. Gong [et al.] //
Water Science & Technology. — 2012. — Vol. 65. —
Iss. 6. — P. 1087-1094. doi: 10.2166/wst.2012.944.
Griborio, A. Secondary Clarifier Modeling:
A Multi-Process Approach / A. Griborio //
Dissertation and Theses (for the degree of Doctor
of Philosophy in The Engineering and Applied
Sciences Program). — University of New Orleans :
USA, 2004. — 440 p.

Kleine, D. Finite Element Analysis of Flows in
Secondary Settling Tanks / D. Kleine, B. Reddy //
Intern. J. for Numerical Methods in Engineering. —
2005. — Vol. 64. — lIss. 7. — P. 849-876. doi:
10.1002/nme.1373.

Takécs, 1. Experiments in Activated Sludge
Modelling / I|. Takécs // PhD Thesis (for the
degree of Doctor (Ph.D.) in Applied Biological
Sciences), Ghent University : Belgium, 2008. —
267 p.

doi 10.15802/stp2016/77827

12

© V. A. Kozachyna, 2016



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka Ta nporpec Tpancnopty. BicHuk J[HIIponeTpoBChKoro
HaLliOHAIIBHOTO YHIBEPCHTETY 3aili3HHYHOro TpaHcnopty, 2016, Ne 4 (64)

EKOJIOTISl HA TPAHCITOPTI
14. Tamayol, A. Determination of Settling Tanks /1'J. of Applied Fluid Mechanics. — 2008. — Vol. 1,
Performance Using an Eulerian-Lagrangian Ne 1. - P. 43-54.

Method / A. Tamayol, B. Firoozabadi, G. Ahmadi

B. A. KO3BAUMHAY

YKag. «inpaiika Ta Bogonocradans», JHIIPONETPOBCHKHIT HALIOHANBHMH YHIBEPCHTET 3aIi3HHYHOIO TPAHCIIOPTY
imeni akagemika B. Jlazapsina, By, Jla3apsina, 2, [uinpo, Ykpaina, 49010, ten. +38 (056) 373 15 09,
ein. motra kozachynav@yandex.ua, ORCID 0000-0002-6894-5532

JOCJIKEHHS OCAJKEHHS JOMIIIOK
Y TOPU3OHTAJBHOMY BIACTIHHUKY

Merta. Oca/pKeHHs IOMILIOK € HAWOUTBII MPOCTUM Ta IIHMPOKOBKUBAHUM METOJO0M MEXaHIUYHO OYMCTKH TIPUPOIHUX
a0o criyaux Boj. Llelt mporiec peai3yeThest, 30KpeMa, B TOPH30HTATIBHUX BiJCTIMHUKAX, SIKI € OJHUM 13 HAHBaXKIMBIIIINX
eNIeMEHTIB y TeXHOJOTIUHill CXeMi OUMITIEHHs BOJM. IX 3aCTOCYBAHHS TIOB’A3aHO 3 MOKIIMBICTIO TIPOMYCKY JOCHTh BEITH-
KuX 00CsTiB BOM. B 1mx criopyziax Boja, 110 OYHMIIY€ETHCS, PYXa€ThCs 3 HEBEIMKOIO IIBUJIKICTIO, 110 IO3BOJISIE JOMILIILI
ocicty. ITonryk HOBHX METOAIB JUIs pO3paxyHKy TOPU30HTAIBHNX BIACTIMHUKIB Ta MiABUIIEHHS iX e()EKTHBHOCTI € METOIO
0ararb0X TEOPETUYHHX, CKCIEPUMEHTAIBHUX Ta YHCEIBHUX JOCIILKEHb. [IpoTe MoJeni Ta METOAMKH, SIKI B JaHWH Jac
BUKOPHCTOBYIOTBCS JUISL PO3B’SI3aHHSI TIOCTABJICHOI 33/1a4i, HE TO3BOJLIIOTH BpaxyBaTH (OpMY BiJCTIMHWKA i pi3HiI KOHC-
TPYKTHBHI 0COOIMBOCTI. MeToro poOoTH € ToOyIoBa YMCENBFHOI MOJIEINi IS OIHKK e(pEeKTHBHOCTI TOPU30HTAIEHOTO
BIJICTIfHYKA 3 BEPTUKAILHAMH IDTACTHHAMH 1 TIPOBEICHHS EKCTIPUMEHTY JITA Bi3yaIi3allii IpoIecy OcaKeHHS JOMIIIKI
B TOPH30HTAIBHOMY BiICTifHHKY 3 HabopoM ruiactrd. Metoauka. OcHOBOIO Mozeni €: 1) BUXpOBHi pyX peatbHOT piu-
uu (pisasaas Hap’e-Crokca); 2) piBHAHHS MacoriepeHocy. J{ist 9ucenbHOro po3B’ 3Ky piBHIHD BHKOPHCTOBYIOTBCS Pi3-
HHILEBI cxeMu. YucenbHUil po3paxyHOK 3/IHCHIOETHCS HA MPSIMOKYTHIH pisHUIEBIi citui. s ¢opmyBaHHs BUILY po3pa-
XYHKOBOT 00JIacTi Ta BUIUICHHSI i OCOOJIMBOCTEH 3aCTOCOBYEThCSI METOI MapKyBaHHs. Pe3ybTaTi. Po3pobiicHa yncesb-
Ha MOJIENb JIO3BOJISIE PO3paxyBaTH MPOLIEC OCBITJICHHsI BOAW B TOPH30HTAIBHUX BIJCTIHHUKAX pi3HOT (JOpMH i 3 pi3HUMHU
KoH(pirypamismu 1actuH. HaykoBa HOBH3HA. ABTOPOM NPEACTABJICHO HOBWI MIIXiJ Yy JOCIIDKEHHI Ta PO3PaXyHKY
poOOTH TOPH3OHTAIBHMX BIICTIMHMKIB pi3HOT KOH(irypanii. JJaHui Miaxin IpyHTYEThCS HA YUCEIBHOMY iHTETpyBaHHI
PIBHSIHB pyXy piauHU 1 MacoriepeHocy nomimky. IlpakTuuna 3HauuMicTsh. Po3poOiieHa urcenbHa MOZIEb PO3PaxyHKY
po0OTH TOPU3OHTANBHIX BiICTIHHUKIB MPE sIBJISE HEBEIIMKI BUMOTH JI0 TIOTY>KHOCTI KOMIT FOTepHO1 TeXHiku. Yac pospa-
XYHKY OZIHOTO BapiaHTa 3aBIaHHs CTAHOBUTH KiJIbKa XBUJIHH.

Knrwouogi crosa: aucensHa MOJEIb; TOPU3OHTAIBHHHN BIACTIHHHK; OYMCTKA BOAH; (i3MYHUN eKCIIEPUMEHT

B. A. KO3BAUMHAY

l*Ka(p. «['unpaBnuka 1 BogocHabxkeHne», JIHeNponeTpOBCKUI HAIIMOHATIBHBI YHUBEPCHUTET KEJIE3HOIOPOKHOTO
TpaHcropTa MMeHH akajgemuka B. JlazapsHa, yi. Jlasapsina, 2, uunpo, Ykpauna, 49010, texn. +38 (056) 373 15 09,
ai1. moura kozachynav@yandex.ua, ORCID 0000-0002-6894-5532

NCCJIEJOBAHUE OCAKIAEHUS NPUMECEN
B I'OPU30HTAJIBHOM OTCTOUHHUKE

Hean. Ocaxaenne npuMecer sIBISIETCs] HanboJIee MPOCTHIM M ITHPOKOHMCIIONB3YEMBIM METOAOM MEXaHHYECKOH
OUYMCTKH NPHUPOAHBIX WJIN CTOYHBIX BOA. DTOT MPOLECC PEAU3yeTcs, B YACTHOCTH, B TOPU3OHTAIBHBIX OTCTONHH-
Kax, KOTOpBIE SIBIIIIOTCS OJHUM U3 BAKHEWUIIMX 3JIEMEHTOB B TEXHOJIOTMYECKOM CXEM€e OYHMCTKH BOoAbl. WX mcmois-
30BaHUE CBS3aHO C MPOIYCKOM JOCTATOYHO OOJIBIIOrO KOJIMYECTBA BOJBI. B 3THX COOpYKEHHIX ouuiaeMas Boja
JBIDKETCS] ¢ HEOOJIBILIONW CKOPOCTBIO, YTO MO3BOJISIET MPUMECSIM OCECTh. [10MCK HOBBIX METO/OB AJISl pacueTa ropu-
30HTAIBHBIX OTCTOMHUKOB M TMOBBINICHUS 3(PPEKTUBHOCTH MX PabOTHI SIBISETCS LENbI0 MHOTMX TEOPETHYECKHUX,
SKCHEPUMEHTANbHBIX U YUCIIEHHBIX HccienoBaHuil. Ho Monenn u MeToauku, KOTophle celyac UCHOAb3YIOTCS AN
pelIeHUs] TIOCTABIEHHON 3a/lauyl, He MO3BOJIIOT Y4ecTh (opMy OTCTOHHMKA M Pa3iIMYHbIE KOHCTPYKTHBHBIE OCO-
6enHoctu. Llenpo paboTH ABJISIETCS HOCTPOSHNE YMUCICHHONW MOIEIH ISl OLCHKH 3 (PEKTUBHOCTH TOPHU30HTAIBHO-
r0 OTCTOMHUKA C BEPTUKAIBHBIMHU IUIACTUHAMU U IPOBEICHHUE SKCIEPUMEHTA ISl BU3yallU3alH IIPOLECCA OCAXKIE-
HUS TIpUMeceil B TOPM3OHTAIBHOM OTCTOWHHMKE ¢ Habopom IuracThH. MeToauka. B OCHOBY MOJENH MOJ0XKEHO:
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EKOJIOI'A1 HA TPAHCITIOPTI

1) BuxpeBoe mBKeHHE peanbHO xuakoctr (ypasHenus Haebe-Crokca); 2) ypaBHeHHe mMaccorepenoca. Js umc-
JICHHOTO MOJEIMPOBAaHNUA MOJACIUPYIOUINX YPaBHEHHH HCIHOJIB3YIOTCS Pa3HOCTHBIE CXEMbl. UMCICHHBIH pacder
OCYIIECTBIISIETCS] HA MPSIMOYTOJIBHON pa3HOCTHOM ceTke. [y popMHUpOBaHUS BHIA pacyeTHOH 001acTH W BBIIEIeE-
HHS ee 0COOEHHOCTEH NMpHMeHsIeTCs MeTo/l MapkupoBanus. Pe3yabraTsl. PazpaboTanHas 4ucieHHass MOZAENb I10-
3BOJISIET PACCUUTATh MPOIIECC OCBETJICHHSI BOJbI B TOPU3OHTAIBHBIX OTCTOWHHMKAX Pa3IMuHON (GOpMBI U C pa3iny-
HbIMH KOH(urypaumsmu ruiactud. HayuHasi HoBH3HA. ABTOPOM NpEJCTaBIEH HOBBIM MOJXOJ B HCCIEJOBAHUU
U pacyere pabOThl TOPU3OHTAIBHBIX OTCTOWHHMKOB Pa3IMYHOM KOHGUryparuu. J{aHHBIA TOAXOA OCHOBBIBACTCS
Ha  YWCJICHHOM HHTETPUPOBAHMM  ypPaBHEHMH  JIBIDKCHUS OKUAKOCTH W MAacCOllepeHoca  MPHMECH.
IpakTuyeckass HeHHOCThb. Pa3paboTaHHass YMCIICHHAs MOJENb pacueTra paboThl FOPU3OHTAIBHBIX OTCTOWHHKOB
MpeABSBIAET HEOONbIINE TPEOOBAHMS K MOIIHOCTH KOMIIBIOTEPHON TEXHHKH. Bpems pacdera OJHOTO BapuaHTa
3a71a4M COCTABIIAET HECKOJIBKO MUHYT.

Kniouegvie cnosa: aucnenHast MOJIEIb; TOPU30OHTAIBHBIA OTCTOWHHK; OYMCTKA BOABI; (PU3HMUECKUH SKCIEPHMEHT
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BU3HAUYEHHS IOTJIMHAHHS EHEPI'TI TACUTEJIEM
KOJIMBAHb BAHTAXKHOI'O BAI'OHA
B ABAPIHHOMY PEXXUMI PYXY

MeTta. He3Baxaroun Ha 3aX0Ay 3 MiABUIIEHHS O€3MEKH pyXy MOi3/iB, Ha 3ai3HUIIX YKpaiHU Ta CBITY Tparuisi-
IOThCS CXOJM PYXOMOTO CKJIaay 3 pelok. Y BUNaJKax 3alodisHHS 3HAYHUX MaTepiajJbHUX 30MTKIB Ta JIFOJCHKHUX
JKEPTB IIPABOOXOPOHHUMH OpraHaMH BiJIKPHBAIOTHCS KPUMiHANbHI IPOBADKCHHS, Y PAMKaX SKHX MMPU3HAYAIOTHCS
CY/IOBI 3aJIi3HUYHO-TPAHCIIOPTHI excrepTr3u. [1ix yac npoBeeHHs BKa3aHUX €KCIIEPTH3 Ta CIIyKOOBOTO PO3CIiLy-
BaHHS 3aTI3HUYHO-TPAHCIIOPTHUX TPHUTOM, IO IM Iepenaye, BHHUKAE MOTpeda y po3B’s3aHHI IHQEpPEeHIIaTHHOTO
piBHSHHA pyxXy noizna. CKIagoBOI0 BKa3aHOTO PIBHAHHS € BETHYHUHA MHTOMOTO OTIOpPY PyXy. B yMoBax 3ami3HHYHO-
TPAHCHOPTHUX IPHUIOJ BUHUKAIOTH (PAKTOPH, SKi CHPUSIOTH BUHHUKHEHHIO JIOJATKOBOTO OIOPY PYyXY, a METOAMKA
Horo po3paxyHKy Ha JaHWH Yac 3HAXOAWUTHCS Y CcTafii po3poOku. BincyTHiCTH HAyKOBO-OOIPYHTOBAHOI METOAMKH
HOTro po3paxyHKy y 0araTbOX BHIAJIKaX YHEMOJXIIMBIIIOE MOOYAOBY MEXaHi3My 3aJli3HUYHO-TPAHCHIOPTHOI MPUTOIU
1 BCTAaHOBJICHHSI MOXJIMBOCTI 11 3ano0iranss. Po0oTa cripsMoBaHa Ha BU3HAUCHHS BTPATH €HEPIii FaCUTEIIIMU KOJIHU-
BaHb BAaHTQ)KHOI'O BaroHa, KOJICHA Iapa sIKOT0 PYXaeThesl y CTaHi CXOAY PEHKO-IINAIBHOIO PENIITKOIO, Y 3aIe)KHOCTI
BiJl OCHOBOT'O HAaBAaHTA)XKEHHS Ta KOHCTPYKTHBHHUX IapaMeTpiB pecopHoro miisimryBanHs. Meroaumka. Ha ocHoBi
aHaJIi3y KOHCTPYKIii PEeCOPHOTro MiBINIyBaHHS Ta MPUHIMILY pOOOTH (PUKIIHHOTO racuTelst KOJMBaHb Bi3Ka BaH-
Ta)XHOTO BaroHa 3allpOIIOHOBAHO CIOCIO BU3HAUCHHS €HEPTil, [0 HUM IOIJIMHAETHCA. Y po3paxyHKax MPUAMAINCh
MaKCHMallbHI 3Ha4YeHHS IEePEMIlICHb €JIEMEHTIB TaCHTEeNs Ta HOPMATHBHI 3HAUCHHS IapaMeTpiB PECOPHOTO ITijBi-
nryBaHHs. PesynbTaTu. OTprMaHi po3paxyHKOBi (GOpMyJIH BH3HAYCHHS SHEPTil, IO TMOTIMHAETHCS TaCUTENIeM KO-
JIMBaHb, JUIA NepenOauyeHux HOPMAaTHBHUMH JJOKyMEHTaMH CXeM MOHTaXYy IPY)KHHX €IEeMEHTIB Bi3Ka y 3aJIeKHOCTI
BiJl OCHOBOTO HaBaHTa)kKeHH:. BkazaHi 3amexHocTi € mapabomiyanvu. HaykoBa HOBU3HA. ABTOpaMHU PO3TIISTHYTO
aBapiHUIN PEeXUM PyXy KOJIICHOI Mapyu peiKO-IIITaIbHOI0 PEIIiTKOIO MICis cxofy ii 3 peiiok. [TokazaHo, mo po3ci-
IOBaHHSI €HEPTii racuTeeM KOJIMBaHb € IPUYMHOIO 30UIBIICHHS ONOPY PyXy pyxomoro ckiaay. Otpumano ¢opmy-
JIU UL PO3PaXyHKY BEJIMYMHU CHEPTii, KA PO3CIFOETHCS TaCHUTEJIEM KOJIMBaHb MPH MAaKCHMAJILHOMY MEPEMIIICHHI
HOTO eJIEMEHTIB 1 3aJIeKHUTh BiJl OCHOBOTO HABAaHTA)KEHHS Ta KOHCTPYKTHBHHUX IapaMETpPiB PECOPHOTO Mi/BilIyBaH-
Hs. [IpakTHYHA 3HAYNMICTD. 3aNPONIOHOBAHUN METOJ JI03BOJINTH BCTAHOBUTH BEJIMUYHMHY JIOJIATKOBOTO OIIOPY PY-
XY, SKUH BUHHMKA€ B aBapiiHOMY PEKHMI, 110 1aCTh 3MOTY IMiIBUIINTH TOYHICTh TATOBUX PO3paxyHKIiB.
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Beryn
Ilin gac mpoBemeHHS CYIOBHX EKCIIEPTH3 Ta
CITy>K00BOTO pO3CIiayBaHHsS 3aJTI3HUYHO-
TPAHCIIOPTHUX  MPHUroJl  BUHUKae  morpeda

y po3B’si3aHHI nuepeHIiadbHOTO PIBHAHHSA PYXY
moizma [10]. CkmamoBor BKa3aHOTO piBHAHHS
€ BeIMYHMHA THTOMOro omnopy pyxy [7]. Meroau
BU3HAYEHHS ONOPY PyXy HPH HOPMalIbHUX YMOBaX
eKCITyaramnii po3pobJieHi Ha TOCTaTHHOMY piBHI
1 yBIHIIIM A0 HOPMATHBHO-TEXHIYHOI JOKY-
MeHTalil Ta AoBinkoBoi nitepatypu [4, 9]. Oxnak
B YMOBax 3aJli3HUYHO-TPAHCIOPTHUX IPHUrOJ] BU-
HUKAIOTh (aKTOpH, SKi CIPHUAIOTH BUHUKHEHHIO
JOJAaTKOBOTO ONOPY PYXY, @ METOAWKa HOTo Po3-
paxyHKy Ha JaHMH 4ac 3HaXOOUTHCS Yy CTaiii pos-
poOku. OMHUM 3 TaKUX BUNAAKIB € pyX KOJICHOT
mapu 1O  peHKo-IIMaabHIN  pemnTii, SKui
CYIIPOBODKY€ETHCSI HU3KOIO SIBHII, L0 CHPUYMHS-
I0Th 30UTBIICHHS OIOpY. BimcyTHICTE HayKOBO-
00TrpyHTOBaHOT METOJMKH HOTO pO3paxyHKy y Oa-
raTbOX BHIIAJIKaX YHEMOKIIMBIIOE MOOYAOBY Me-
XaHi3My  3aJi3HUYHO-TPAHCHOPTHOI  NPHUTOH
1 BCTAaHOBJICHHSI MOXKJIMBOCTI 1i 3ar00iraHHs.

HecramionapHi KoJMBaHHA PyXOMOTO CKJIamy
PO3TIANAIOTECS Yy 3HAYHIN KUTBKOCTI Mpalp, cepen
SKMX CIif BigsHauuTh [2, 3, 5, 8]. Pesympratu mo-
CIIJKEHb JAMCUTALii eHeprii y QpuKUidiHUX Tracu-
TeNsIX KONMBaHb 1 ii BIUIMBY Ha eHeproedex-
THUBHICTB TATH MOI31iB HaBexeHi y [6, 13—17]. Bix-
3HAUEHO, [0 CHEPris Moi3da, KUl pyXxaeTbes, da-
CTKOBO TacHTBHCS B OajacTi Kouii i MOMOBHIOETHCS
JIOKOMOTHBOM /ISl MIATPUMAHHS 3aJaHOi IIBU-
KOCTi pyXy, ToOTO mucHmallist (po3cisHus) eHeprii
MPU3BOUTH JI0 30UIBIICHHS OTIOPY PYXY MOI37a.

AHanoriyHo 30UTBIIEHHS ONOPY PyXy Moi3aa
Oyze crocTepiratuch i Mpu 301UIBIICHH] TACHTIAITT
eHeprii racuTesIMM KOJIMBaHb IMiJl Yac CXOAy
KOJIICHOI mapu 3 pedok Ta il pyxy mo peuko-
mmaneHii pemritmi. [Ipu mpoMy cimin odikyBaTu
MaKCHMaJbHY aMILTITyIy TepeMilleHb KOHCTPYK-
TUBHHX €JIEMEHTIB racuTelsl KOJMBaHb.

Meta

Metoro poOOTH € BH3HAYCHHS BEIMYUHH PO3-
CIIOBaHHSI CHEPrii raCUTEIsIMH KOJIMBaHb BaHTaXK-
HOIO BaroHa, KOJICHA Mapa SIKOTO PyXaeThCs
pEMKO-IIITaTBFHOI0 PENIITKOI0 y CTaHi cXomy, 3a-

JISKHO BijJl OChOBOT'O HABAHTAXKCHHS Ta KOHCTPYK-
THBHHX TTapaMeTPiB PECOPHOTO IiABIIITYBAHHS.

MeTtoanka

THocmanoexa 3a0aui. KomicHa mapa BaHTa)XHO-
ro BaroHa 3 Taporw 7T, y SIKOMy MiCTHThCS BaHTaX
Baror P, pyXxaeThbcs MO peUKO-IIIAIBHIM PENTiTII.
Heo0xigHO BU3HAYUTH BEIMYMHY €HEPrii, siKka po3-
CIIOETBCSl TACHTENIIMU KOJIMBaHb MPU MaKCUMallb-
HOMY TIEpEMIIIEHHI TaCUTENs, a TAKOXK BiITyKaTH
3aJICKHICTh 1i€1 eHeprii BiJ] HAaBAaHTAKCHHS Ha
BiCh.

Po36’sa3anuna 3a0aui. I'acureni KoMTUBaHb CTBO-
PIOIOTh JMCHUINIATUBHI (pO3Citodvi) CHJIM, SIKi HE0O-
X1IHI U1 PO3CISHHSI €Heprii BIaCHUX KOJIHMBaHb Ta
OOMEKEHHS aMIUTITY]] KOJMBaHb BaroHa 4 HOTo
gactuH [1].

[Ipu npOMYy HamararTbCs YCIO EHEprilo, sKa
MOCTYIA€E B MPYXHI €JIEMEHTH KOJMBAIBHOI CHC-
TEMH, BUTPATUTH HA TEPTS B raCUTEISX KOJMBAHb,
o0 BOHA MEPETBOPIOBANIACH B TEIUIOBY CHEPTiO
1 po3ciroBasiach B HABKOJIMIIIHE CEPEOBHIIIE.

V Bi3kax BaHTaxHUX BaroHiB Turmy [THUN-X3-O
3aCTOCOBYETHCS KJIMHOBHH TacHTENh KOJWBaHb,
KU CTBOPIOE CHJIM TepTs, IO HPOMOpLiiHI 10
MepeMilleHb, aje Pi3Hi M0 BEIHYUHI IS PyXy Bro-
py Ta Buu3 [11].

KimHOBUIT TacuTens KOJIMBAHb CKIIAJAETHCS
3 OBOX (PUKUIMHMX KJIWHIB, KOXEH 3 SKHX CIIU-
paeThCsl Ha IBOPSIHY KIIMHOBY MPY)KUHY, OMOPHHX
MOBEPXOHb HAJPECOPHOI Oainkd, sfKa CIHPAETHCS
Ha KOMIUIEKT OCHOBHHUX MPYXHH, II0 TAKOX € JABO-
psanauMH. KinbKicTh OCHOBHUX TPYXKUH 3aJICKUTh
BiJl BAHTa)KOIIAIMOMHOCTI BaroHa i Mmoxe Oytu 3, 4
a6o 5 [12]. Takum grHOM, 3 OAHIET CTOPOHM Bi3Ka
MOke OyTH BCTaHOBIIEHO 5, 6 a0o 7 JOBOpSAHHUX
MIPY’KWH, OBl 3 SAKUX MIATPUMYIOTh KJIMH, a 1HII —
HAJIPECOPHY OAJIKYy.

Po3paxyHkoBa cxema KIMHOBOTO TacHTENs KO-
JIBaHb, 3amo3uucHa 3 [1], HaBeneHa Ha puc. 1.

Cuna Teprts, sika BUHUKAE y (QpHUKLiIHHOMY ra-
CHUTENI KOJHMBaHb, BU3HAYAETHCS 32 y3arajJbHEHOIO

dopmynoro [2]:
FTP =—K-Qrcp e Z-sign 2, M)

ne kK — xoediieHT MPOMOPIHHHOCTI, 10 MOKa3ye
YaCTKy 3YCHIUIS MPU CTHCKAHHI MPYXHOTO eleMe-
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HTa Ha OJIMHUINIO MEPEMIIICHHS, SIKYy FaCUTENb KO-
JMUBaHb IEPETBOPIOE B HOPMANBHUN THCK MiXK
eNIeMEHTaMH, IO TPYThCH, QPrcp — CEPEIHiN Koe-
GIIEHT BIIHOCHOTO TEPTS; Z — CTaTUYHUN MPO-
TMH PECOPHOTrO MiJBIIIYBaHHSA, ¢, — €KBIBAJICHTHA
YKOPCTKICTh TPYKHUX EJIEMEHTIB, MMapajieiibHO 0
SIKMX BCTAHOBJEHHMH TacuUTeNlb, 7 — MIBHIKICTD
HepeMillleHHs TacuTeNst; Sign Z —3HaK Z.

3aeKHICTh MIXK HaBaHTa)XXEHHSIM Ha TacHTENb
KOJIMBaHb P Ta HOro MepeMillieHHSIM Z, Ma€ BUTJISL,
10 TIOKa3aHWi Ha puUC. 2.

Eneprisi, mo TOTIMHAETHCS TACHUTEIEM KOJIH-
BaHb, JOPIBHIOE IUIOII METJIi TiCTePe3uCy i, IK BHU-
JTHO 3 PHC. 2, BABHAYAETHCS 32 (OPMYJIOI0:

AErac :k'(PTCP'Ce'ZZ' (2)

Puc. 1. Cxema pobotu
(DPUKIIITHOTO TaCHUTEIST KOJNMBAHb:
1 — xiuH; 2 — dppukiiiiHa nnanka; 3 — HagpecopHa Ganka

Fig. 1. Scheme of the friction shock absorber operation:
1 — wedge; 2 — friction plate; 3 — bolster

+P

F=k @ ez,

—Z Zy +z

-P

Puc.2. CunoBa xapakTeprcTHKa
(puKLiiiHOTO TacuTelst KOJINBaHb

Fig. 2. Power characteristic
of friction shock absorber

Bupasumo mro eHepriro yepes cuily HaTHCHEH-
Hfi, sKa BUHUKAE TIPH TEPTI  EIEMEHTIB
(GpUKLIAHOTO TacuTeNs, cXeMa SIKOrO HaBeJeHa
Ha puc. 1

AE . =(Nyy + Ny + Ny +Ng) - @0rcp -2, (3)

ae Ny, Ny, Ng;, Ny — cunn HaTuCHEHHS, sIKi Bu-

HUKAIOThH IIPpU py01 KIMHOBOI'O I'aCUTCIA KOJIMBAHb
Bropy Ta BHu3, H.

,Z[J'IH BHU3HAYCHHA CKJIaJOBUX, IO BXOJATH 10
BUpa3y (3) BHU3HAYMMO CTAaTHYHC HAaBaHTAXXCHHA Ha
OJHY IBOPsJHY NPYKUHY .

P — (mBar - mK.n. : n]c.n. - m60K : n60K ) : g , (4)

[
nnp

Je M —Maca BarosHa; M _ . — Maca KOJICHOI mapy,

N,,. — KUIBKICTh KOJICHHUX Map; M, — Maca 60Ko-

KIT
BOi paMu Bi3Ka, N, — KIJIbKICTh OOKOBHX PaM Bi3-

Ka y BaroHi; N — 3arajibHa KiTbKICTh MOABIHHIX

p
MIPYKUH y PECOPHOMY IIiJBIlllyBaHHI BaroHa; g —
MIPUCKOPEHHS BUTLHOTO Ta/TiHHS.

OcpoBe HaBaHTaKeHHs (, Ta Maca BaroHa

[I0B’s13aH1 CHIBBIIHOLIEHHAM
mBaT‘ = qO : nKl'I / g * (5)

BpaxoByroun, 110 IPYXUHHA Y PECOPHOMY KOM-
IUICKT] TMOJBIMHI 1 BCTaHOBJICHI MapajeibHO, CY-
MapHa JKOPCTKICTb TOABIHHOI TpYyXMHU Oyne
JIOPIBHIOBATH CyMI KOPCTKOCTEH BHYTPILIHBOI C, .

Ta 30BHILIHBOI ¢, OPYKHH
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c'=c, +c,. (6)

XopcTkicts omHi€el npyKUHU (30BHIIIHBOI 400
BHYTPIIITHBOI) BU3HAYAETHCSA 32 (POPMYIIOT0

4

c _ G- d3(BH) (7)
3(BH) 8 D3 '

" Msen) np 3(BH)

ne G — monynb 3cyBy st ctanmi; d — niametp

3(BH)

OpyTKa 30BHIIIHBOI (BHYTpIIIHBOI) MPYXKUHH,;
D, — ZliaMeTp 30BHINIHBOI (BHYTPILIHBOI) MpY-
KUHU; N .0 — KUIBKICTH POGOYHMX BUTKIB 30BHi-

IIHBOT (BHYTPIIIHBOT) TPYKUHH.
[Iporun peccopHOTO ITiIBilTyBaHHS:

g=Fa (8)

!

c

IlporuH mniAKIMHOBOI NpYXWHM Z Ta IIe-
pEMIlICHHS] TOBEPXOHb KIIMHA, SIKI TPYThCA IO
¢pukiiHii madni 6 Ta HaapecopHid Oammi O,
MOXXYTh OyTH BH3HA4YCHI 32 GOPMYIIaMH:

Z, = ; , (9)
1+1tga, - tgo.,

- : BT

(1+tgo, - tga,)-cosa.,

Z-tgo

= g o S CEY

(1+tgoy - tga,) - cOS o

Peaxuist npyXuHH, IO MATPUMYE KIUH:

P, =l 2, (12)

ae c., =C' — KOPCTKIiCTh MOABIMHOI MPYXXUHH, sKA
MiATPUMYE KIIMH.

3HaiiieMo 3HaYCHHS CHJI, IO AIFOTh Ha KJIMH Ta
HaJpecopHy OanKy, a TaKOXX BiIIOBITHUX TIe-
pewmitens (puc. 1).

ITpu pyci knuHa BHU3 (auB. puc. 1):

Ay =Q+p-py)-cos(oy —ay)+

+(uy — ) -sin(oy —a,) ; (13)

coso, +u-Sina
N1H=P' 2T H 2;

a A, (14)

sinoy, —p, -COSaL, |

Ny =P, (15)
H= A,

F = ANy (16)

Fi = 1Ny . 17)

IIpu pyci krHA Bropy:
Ap =1+p-p)-cos(oy —a,) -
—(uy — 1) -sin(oy —a,) 5 (18)

coso, —p-sina, .

N.. =P : 19

=P, N (19)

N, =P sinoy +1, -cosay (20)
Ap

Fg =uNg; (21)

Fig =Ny (22)

KoedimieHTrH BiAHOCHOTO TEPTsI KIMHOBOTO Ta-
CHUTEJsI IPU PYCi Bropy Ta BHH3 BHU3HAUYAETHCS 32
dhopmynamu:

— 2 (FH + Fl-ll)

9TH - '

. (23)

e PH — HaBaHTAXXCHHsA Ha peCOpHI/Iﬁ KOMILICKT

npu pyci Buu3, H;
o 2-(Fg+Fp)
™ = ’

P, (24)

ne P, — HaBaHTaXEHHS Ha PECOPHUH KOMILIEKT

pu pyci Bropy, H;

Ry =Y ciz+2c),7,, +2F;, (25)

P, =) cz+2c,z, —2F,, (26)

’
KIT Z KIT

e ZC; — CyMapHa KOPCTKICTh OCHOBHHX MpY-

JKUH KOMILICKTY .
KoedirieHT cepeqHporo TepTs BU3HAYUTHCS 3a

(dhopMmyIor0
Py —Ps

=_H B 27
Prcp P, + P, (27)

3 ananizy ¢opmyn (1-27) BumHO, 10 IIyKaHa
3QIIKHICT Oy/Ie KBaAPATHYHOK, MATHME BUIJISIT

E=A4-q+B-q,+C. (28)
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PesyabTaTtu

BukoHaHO  pO3paXyHOK  [UId  HACTYIHMX
BUXIIHMX JaHux: M = 1440 kr; mg = 500 kr;

Me = 4 g = 4 D, = 0172 m; D,;=0,105 w;
d,=0,03m; d,,= 0,019 M; G = 8-10' ITa; n,,=4,8; n,
w =7,6; 0,=0,8024 pan ; o, =0,0349 pa ; p=0,25;
u, =0,28.

Po3paxyHOK BWKOHAaHO IS TPHOX BapiaHTIB
BCTAHOBJICHHS MPYXHH, sKi mnependaveni [12]:

= 20 JuIg BaroHiB BaHTAXKOIIJAMOMHICTIO MEH-

we 50 T (tunm 1); n,,=24 nna BaroHis BaH-
taxkomigitomuictio 50—60 1 (Tum 2); Ny, = 28 s

BaroHiB BaHTaXXOIIIHOMHICTIO Ginbire 60 T (Tum
3). IIpu oMy 3 OmHi€l CTOPOHM Bi3Ka BCTaHOB-
JmoeTbest 5, 6 abo 7 mpyXWUH BIANOBITHO, BI
3 KX — MiJKJIMHOBI, a pelTa — OCHOBHI.

Po3paxyHOK BHKOHAHUI Ui JOMYCTHMOTO
Jiana3oHy HABaHTaXEHb Ha BICh 3a YMOBH, IO
BaHTAXOIIMOMHICTh BaroHa MEpEBUIIICHA HE OYy-
ne. Pesynmbratu po3paxyHKy HaBeneHi y Ta0xd. 1, Ha
puc. 3.

3aneXHOCTI  alpOKCUMYIOTHCA
(27), sixi MarOTh BUTJISII

— JUIs BaroHiB BaHTakomigioMmHicTio 10 50 T
(1 )

napaboramu

E, Tx

1000 -

800 -

600

400 -

200

70 90 110 130
A Tun | (BanTamenigioMuicts g0 50 1)

B Tun 3 (Bantamenigitomuicts Oinbiue 60 1)

E=0,043-¢2 -1,6379-q, +15,586 ;

— JUIS BaroHiB BaHTaxkoIigioMuicTio 50—60 T
(2 Tum)

E =0,0248-02 —0,9457-q, +8,9986;

— JUISL BaroHIiB BaHTAXKOIIIHOMHICTIO OlJIbIIE
60 T (3 Tun)

E =0,0156-9 —0,5945-q, +5,6572..
Tabnuns 1
EHepFiﬂ, mo pO3CilO€TbCﬂ racurTejJssiMm KoJIMBaHb
Table 1
The energy dissipated by the shock absorbers

Tun 1 Tun 2 Tun 3
Jo, KH | E, Ix Jo, kKH | E, dx Jo, KH | E, Ik
50 41,3 50 23,8 50 15
115 396 130 306 145 248
180 1115 210 902 240 763

E=00043g, - 1]6379¢, + 15,586

E=0,0248¢,2 - 0,9457¢, + 8,9986 |

E=001564," - 0,5945g, +/5,6572

150

170 190 210 230 g, xH
+ Tun 2 (pantasenigidomuicts 50...60 1)

Puc. 3. BanexHocti E = f(q,)

Fig. 3. Dependencies E = f(q,)
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HaykoBa HOBU3HA Ta MPAKTUYHA
3HAYNMICTh

PosrnsHyTO aBapiiHuil pekuM pyXy KOJICHOT
napu pelKo-IIMaTbHOK PEIIiTKO Micis cXonay il
3 petiok. IlokazaHo, mo po3citoBaHHs eHeprii ra-
CHUTEJIEM KOJMBAHb € IPUYMHOIO 30UIBIIEHHS OIO-
pPY pyxy pyxomoro ckiany. OTpumano Gopmyiu
JUIL pO3paxyHKy BEJIMYMHU €HEprii, sika po3ciio-
€TBCSI TACUTEJIEM KOJMBAaHb MPU MaKCHMAILHOMY
MepPEMIIIEeHI HOTO €IEMEHTIB 1 3aJIe)KHUTh Bil OChO-
BOT0 HaBaHTAXXCHHS Ta KOHCTPYKTHBHUX IapameT-
piB pecopHoro minBinmryBaHHsa. lle mo3BonHTH
BCTAHOBUTHU BEJIMYMHY JI0JATKOBOTO OMOPY PYXY,
KU BUHUKA€E B aBapiiHOMY PEXHMI, IO AaCTh
3MOTY MiIBUIIIMTH TOYHICTh TSTOBUX PO3PaxXyHKIB.

BucHoBku

1.V pesynbraTi AOCIIIHKEHb OTPUMaHi po3pa-
XYHKOBi1 (OpMyJIM BU3HAUEHHS €HEprii, 1o To-
TJIMHAETHCS TACUTEJIEM KOJIMBAHb AT PI3HUX CXEM
MPY’>KHOTO MMIBIIIYBAaHHS BaroHiB. 3aJieXHOCTI
MOXYTh OyTH oOmucaHi mapaboiIaMu BUTIIILY
E=4-9+B-q,+C.

2. Po3paxoBaHa eHepris, M0 PO3CIFETHCS TacH-
TEJIIMU KOJIMBaHb Ta IOIOBHIOETHCS EHEpPIreTHY-
HOI0 YCTaHOBKOIO JIOKOMOTHBA JUIsl MiATPHUMAHHS
3agaHol MmBHIKOCTI. BkasaHe po3cisHHS eHeprii
€ MPUYMHOI0 BUHUKHEHHS JOAATKOBOTO OMOPY PY-
Xy Toi3ja.

3.HampsimkamMy ~ TOAaibIIMX — JOCTIIXKEHb
€ YTOYHCHHS BEIMYMHM aMIUNTYyAW KOJHMBaHb 3a
PI3HUX YMOB pyXy Ta po3poOKa METOIWUKH BH3HA-
YEeHHsl JIOJATKOBOT'O ONOpPY PyXy, IO BHHUKAE
BHACJIIJIOK JMCHIIAIi €Heprii racUTeasMu KOJIU-
BaHb.
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wheel with sandwich-type dampers / I. Merideno,

1. B. BOJDKEJIAPCKMIAY, 10. I'. COBOJIEBCKASI2”, C. C. IOBI'AHIOK®", A. B. BATUT™

"Kad. «JIokoMOTHBED, JIHEIPOIIETPOBCKHI HAMOHATGHEI YHHBEPCHTET XKEIE3HOIOPOIKHOTO TPAHCIIOPTA HMEHH
akanemuka B. JlazapsiHa, yii. JIazapsHa, 2, Taunpo, Ykpauna, 49010, ten. +38 (056) 776 59 47,

a1, outa jarik762145@gmail.com, ORCID 0000-0002-4787-1781

ZKag. «DyH1aMeHTabHbIC HCIHTLTHHBD, J[HEMPONETPOBCKHIl HALIMOHATBHBIH YHUBEPCHTET KEIE3HOIOPOKHOTO
TpaHCropTa UMeHH akajeMuka B. Jlazapsina, (JIsBoBckuil dusman), yi. V. Braxkesuya, 12-a, JIbBoB, Ykpauna, 79052,
tei. +38 (032) 267 99 74, sn1. moura sobolevskyu@gmail.com, ORCID 0000-0002-8087-2014

3*Z[HenponeTpOBc1<m71 HallMOHAJIbHBIN YHUBEPCUTET KEJIE3HOA0POKHOTO TPaHCIIOpTa UMEHH akaieMuka B. JlazapsHa,
(JIeBoBCKMit Gumman), yi. U. braxkesuua, 12-a, JIbBoB, Ykpauna, 79052, ten. +38 (032) 267 99 74,

ai1. moura dovganyuk@ukr.net, ORCID 0000-0003-1320-3192

#J1a6. «¥Kene3HoM0pOIKHO-TPAHCIIOPTHBIE HCCIENOBaHHMsD», JIBBOBCKHIA HAyYHO-HCCIIEI0BATENECKHIL HECTUTYT CyIeGHEIX
aKcreprtus, yi. Jlunuuckoro, 54, JIbBoB, Ykpaunna, 79024, ren +38 (032) 232 70 61, a11. nouta Indise@mail.lviv.ua,
ORCID 0000-0003-1205-6004

OINPEAEJIEHUME ITOI'VIOINEHUSA DOHEPT'UU
T'ACUTEJIEM KOJIEBAHUI I'PY30BOI'O BAI'OHA
B ABAPUMHOM PEKUME JIBUKEHUS

Heasn. HecMoTpst Ha MephI 110 NOBBIIEHHUIO OE30I1aCHOCTH ABM)KEHHS MOE3/I0B, Ha JKEJIE3HbIX JI0pOrax YKpauHbI
W MHUpa CIyYaroTcsl CXOABI MOABMKHOTO COCTaBa C peibc. B ciydasx NpUYMHEHHS 3HAYUTENBHOTO MaT€pPHAIBHOTO
yiep6a M YeIOBEYECKHX KEPTB, NMPAaBOOXPAHUTEIBHBIMH OPTaHAMH OTKPBHIBAIOTCS YTOJIOBHBIE ITPOHM3BOJICTBA,
B paMKax KOTOPBIX Ha3HA4YaIOTCs CyICOHBIE JKEIE3HOIO0POKHO-TPAHCIIOPTHBIE 3KCHepTH3bl. [Ipn npoBeneHnn yka-
3aHHBIX JKCIIEPTU3 U CIY>KEOHOTO paccieJOBaHMA KEIE3HOJIOPOKHO-TPAHCIIOPTHBIX IMPOUCIIECTBUM, HPEIIIECT-
BYIOIIMX UM, BO3HHKAET IOTPEOHOCTh B pelieHnd AndQepeHanbHoro ypaBHeHNs ABKeHUs noe3aa. CocTaBHOM
YKa3aHHOTO YPaBHEHUs SBISIETCS] BEIMYMHA yJICIBHOTO CONMPOTUBIICHUS ABHKCHUIO. B yCIoBHAX XKEIE3HOL0POKHO-
TPaHCIOPTHBIX MPOUCLIECTBUH BOSHUKAIOT (DAKTOPBI, CIIOCOOCTBYIOINE BOZHUKHOBEHHIO JIOMIOJIHUTEIBHOIO CONPO-
TUBJICHHS IBIDKEHHUIO, @ METOJIMKA €ro pacyera B HACTOsIIee BPeMsl HAaXOJUTCS B CTaquu pa3pabotku. OTcyTcTBHE
Hay4YHO 00OCHOBAaHHOI METOJMKH €r0 paciyeTa BO MHOTHMX CIy4asX JeNaeT HEBO3MOXKHBIM IIOCTPOCHHE MEXaHNU3Ma
JKEJIE3HOIOPOKHO-TPAHCIIOPTHOTO NTPOMCIIECTBHSI M YCTaHOBJCHUS BO3MOXHOCTH ee IpenoTBpamieHus. Pabora
HarpaBJjieHa Ha OIpeieJICHUE ITOTEPh PHEPTHU B TACUTEIISX KOJIeOaHUH TPy30BOT0 BaroHa, KoJiecHasl rapa KOTOporo
JBIDKETCS] B COCTOSIHIM CX0/J1a 110 PEIIbCOMIATIBHON PEIIETKE B 3aBUCHMOCTH OT OCEBOW HArpy3KH M KOHCTPYKIMOH-
HBIX MapaMETPOB PECCOPHOTo noasemmBanus. Meroauka. Ha ocHOBaHNYM aHanm3a KOHCTPYKIMH PECCOPHOTO TOA-
BEIIMBAHUS M NPUHOWMNA PAOOTHl (PPUKIMOHHOTO TAaCHUTENs] KONEOAHHH TENEeKKH TPy30BOTO BaroHa, MpPEAyiokeH
Croco0 ompeeneHns MOrIomaeMoil UM 3Hepruu. B pacderax MpUHSTEI MAaKCHMAJIbHBIC 3HAYCHUS IEPEMEICHNI
3JIEMEHTOB TaCUTEISI 1 HOPMAaTUBHbIC 3HAUEHHS [TapaMETPOB PECCOPHOTo noasennBanus. Pe3yabraThl. [TomydeHs:
pacueTHble (hOPMYIIBI OTIPENETICHNUS SHEPTUH, MOTJIONIAEMOI racuTeseM KojaeOaHui, Ui pelyCMOTPEHHBIX HOpMa-
TUBHBIMU JOKYMEHTaMH CXeM MOHTaXa YHIPYTHUX 3JEMEHTOB TENEXKH B 3aBUCHMOCTH OT OCEBOW HAarpy3kw. Yka-
3aHHbIE 3aBUCHMOCTH SIBJIsIeTCsl napadonuueckumu. Hay4unasi HOBU3HA. ABTOpaMu pacCMOTpPEH aBapUHHBIA PEeKUM
JIBI)KEHUS! KOJIECHOW Taphbl MO PesIbCOLINAIBHON peleTke Mocie cxoia ee ¢ penbe. Iloka3aHo, 4To paccenBaHue
SHEPTUM B FacUTEISIX KOJICOaHUH SIBIISIETCS] IPUYMHON YBEIWYEHHS CONPOTHBIICHUS IBIKEHUIO TIOABMKHOTO COCTa-
Ba. [lomyuensr popMyiisl uIst pacdera BEIMUUHBI SJHEPTHH, PACCENBACMON B racuTeNe KoueOaH!H NMpH MaKCUMalb-
HOM IIE€PEMEILEHUH €r0 JIEMEHTOB. YKa3aHHas SJHEPrusl 3aBUCUT OT OCEBOM HArpy3KU U KOHCTPYKTUBHBIX NapaMeT-
poB peccopHoro noasemmBanys. [IpakTudeckasi 3HaYMMOCTb. [IpeIokeHHBINH METO]T TIO3BOJIMT YCTAHOBHUTH 3HA-
YEHUE JOTOJHHUTEIHFHOTO COMPOTUBIICHHS JIBI)KCHHIO, BO3HHMKAIOIIETO B aBAPUHHOM DPEXHME, YTO JacT BO3MOX-
HOCTb ITOBBICUTH TOYHOCTH TSATOBBIX PAaCUETOB.

Kniouesvle crnosa: cxof ¢ penbCoOB; KOJIECHAS Napa; TacUTeNb KoJIeOaHuil; pesibCoIanbHas peneTka; AMCCHIa-
IIUsI SHEPTHH, TATOBBIE PacUeThl; CyA€OHas! JKeJIE3HOIOPOKHO-TPAHCIIOPTHAS SKCTIEPTH3a
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DETERMINATION OF ENERGY LOSSES BY SHOCK ABSORBER
IN AFREIGHT CAR AT CRASH MODE

Purpose. Despite measures to improve the safety of trains on Ukraine and worldwide railways there is derail-
ment of rolling stock. In cases of significant property damage and human losses, law enforcement agencies open
a criminal proceeding in which rail-transport expertise is called. In carrying out of these expertise and internal inves-
tigation of rail accidents, preceding them, there is a need in a solution of the differential equation of the train move-
ment. A component of this equation is the value of the specific train resistance. In terms of railway accidents, factors
occur that promote the appearance of additional resistance to movement, and its calculation method is currently un-
der development. The lack of evidence-based methods of its calculation makes it impossible in many cases to build
the mechanism of railway accident and the establishment of possibility to prevent it. The purpose of this work is to
determine the energy losses in the shock absorber of the freight car whose wheel-set moves in the derailed state on
the track panel depending on the axle load and structural parameters of spring suspension. Methodology. On the
basis of spring suspension construction analysis and operating principle of the friction shock absorber of the freight
car bogie the authors provide the method for determining the energy absorbed by it. The calculations take the maxi-
mum values of the absorber elements displacement and the regulatory values of spring suspension parameters.
Findings. The calculated formulas for determining the energy, absorbed by shock absorber for regulation-set mount-
ing schemes of elastic bogie elements depending on the axial load were obtained. The mentioned curves are para-
bolic. Originality. The authors considered the crash mode of the wheel-set movement on the track panels after its
derailment. It is shown that the energy dissipation in the shock absorbers is the reason for increase in resistance to
rolling stock movement. The formulas for calculating the amount of energy dissipated in the shock absorber with
a maximum displacement of its elements are derived. This energy depends on the axle load and structural parame-
ters of spring suspension. Practical value. The proposed method allows setting the value of the additional resistance
to motion that occurs in crash mode which makes it possible to increase the accuracy of traction calculations.

Keywords: derailment; wheel-set; shock absorber; track panel; dissipation of energy; traction calculations; foren-
sic science
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COBEPIIEHCTBOBAHUE TEXHOJIOTYU PABOTHI
BEJIOPYCCKOMH KEJIESHOH JOPOI'!
B YCJIOBUSIX IPUMEHEHMUSA DJIEKTPOHHBIX IOKYMEHTOB

Hean. B HayuHoli pabore HEOOXOOMMO PAaCCMOTPETh COBEPIICHCTBOBAHHE TEXHOJOTMH palbOTHI JKEJIe3HOIO-
POXHOTO TpaHcHopTa o01Iero nonb3oBanus Pecnyonrku benapych B ycIoBUSIX IPUMEHEHUS SIEKTPOHHBIX IOPHIH-
YECKHM 3HAYMMBIX JOKyMeHTOB. MeToauka. [Ipu mpoBeneHHN TaHHOTO HCCIICAOBAHMS MPOBOIMICS COOp CTaTHUCTHU-
YecKor MH(OpMAIH TI0 TPOIOIHKATEIIEHOCTH BEITIONHEHUS OTIIENBHBIX TEXHOJIIOTHYECKUX OTIepAllnH, OIEHKE CTa-
TUYECKUX AHHBIX W aHAJM3€ MX OMUCATENBHBIX XapaKkTepucTuk. Ilpu ompeneneHnn 3(pGEKTUBHOCTH MPEIIOKEH-
HBIX MEPONPHUATHH HCIONB30BAIACH METOIBI JKCIEPTHBIX OIEHOK, METOABl OLEHKH 3((HEeKTHUBHOCTH
IT-uaBecTnnmii. Pe3yabTaThl. PaccMOTpeHBI TEXHOJOTHYECKHE, allapaTHbIe, MPOrPaMMHBIC, OPTaHU3AIlOHHBIE
U WHBIC aCIIEKTHI MPUMEHEHUS AJIEKTPOHHBIX IOPUIMYECKH 3HAYMMBIX JOKYMEHTOB B TPY30BOM M KOMMEPYECKOM
pabore. OnpeneneHsl Hanboee BaKHbIE HANIPABJICHHUS COBEPIICHCTBOBAHMUS TEXHOJIOTHH paboThl opranusanuii be-
JIOPYCCKOM KEJI€3HOM TOPOTH U UX B3aUMOJEICTBUE C IPY300TIPABUTEISIMU U TPY30II0IYYaTEIsIMU 33 CUET IIPUMeE-
HEHUS 3JIEKTPOHHBIX FOPUANYECKH 3HAYMMBIX TOKYMEHTOB. DT0: 1) ympolieHie BeJeHUs CTAaHIIHOHHON KOMMepdYe-
CKOM OTYETHOCTH; 2) aBTOMATH3allMs BBIMOJHCHUS TEXHOJIOTMYECKHX ONepanuii; 3) COBEPIICHCTBOBAHHE B3aHMO-
JICHCTBUS JKENE3HOJIOPOKHBIX MyTel HEOOIIEro MoJIb30BaHKS U CTAHLUH NMPUMBIKAHUS; 4) YIPOLICHHE MPOLEIYPhI
TUIAHUPOBAHMUS MIEPEBO30K U YUeTa BBIMOIHEHHUS 3as1BOK; 5) peanusaius eqUHOr0 HHPOPMAIIMOHHOTO MPOCTPAHCTBA
JUI BCEX YYaCTHHKOB IIEPEBO30YHOrO Tporecca. PaccumTaHa mporHO3Has oOmneHKa 3()()EKTUBHOCTH BHEIPEHUS
AIIEKTPOHHBIX IOPUINIECKHA 3HAYHMBIX JOKYMEHTOB B TPY30BOHM M KOMMepUecKoil pabore bemopycckoil xene3Hoi
noporu. Hayuynast HoBu3Ha. Pazpaborana 1ByxBapraHTHAS MOJIEIIb IPUMEHEHHUS 3JIEKTPOHHON ITU(BPOBON OIIHCH
KaKk MHCTPYMEHTa JUIsi aBTOMATUYeCKOW (PMKCAIlMM MOMEHTA BBITIOJIHEHMS! TEXHOJOTUYECKON OMEpaluy MIH IS
yKazaHUs BPEMEHH €€ OCYIIECTBICHHSI. DTO ITO3BOJISIET IIEPEBECTH PAJl TEXHOJIOTHIECKHUX MPOIIECCOB HA MPUHITHITH-
aJIbHO HOBBIN YPOBCHB, CIIOCOOCTBYS (DOPMUPOBAHMIO €AMHOTO WH(POPMAITMOHHOIO MPOCTPAHCTBA IPY30BBIX Iepe-
B030K. [Ipeanoxena Meronuka NpOrHO3HOM OLEeHKH 3()(HEKTUBHOCTH 3JIEKTPOHHOTO JIOKYMEHTO000pOTa JUIsl YCIIO-
BUI NpUMEHEHMsS Ha KeJIe3HOAOpOXKHOM TpaHcmopre. IIpakTndeckasi 3Ha4nMOcThb. IlodydeHHBIE pe3yibTaThl
UCTIONB3YIOTCS ISl (POPMHUPOBAHUS IIEPEYHS] MEPOINPUSATHH, HANpaBJICHHBIX HAa COBEPIICHCTBOBAHHE TEXHOJIOTMH
paboTHI JKEJIE3HOAOPOKHOTO TPAHCIOPTA OOIIETO MMOJIb30BaHMS B YCIIOBHUSX NPUMEHEHHUS 3JIEKTPOHHBIX IOpHUANYE-
CKU 3HaYMMBIX JOKYMEHTOB, OL€HKH UX 3HAYMMOCTH M 3TalHOCTH peanu3aluu Ha benopycckoil skene3Hoi popore.
[IprMeHeHHE MONYYSHHBIX PE3yJIbTATOB TO3BOJIUT: CHHU3UTH HM3MIEPIKKH TPY300TIPABHTENCH, TPY30MOTydaTeNei,
JKEIIE3HOU TOPOTH; TIOBBICUTH POM3BOJUTEIBHOCTD TPYQ, IEHOBYIO KOHKYPEHTOCIIOCOOHOCTE KEJIE3HOJOPOKHOTO
TPaHCIIOPTA M Ka4eCTBO MPEIOCTABIIEMBIX YCIyT. Byner BO3MOXHO c031aTh eMHOe WHPOPMAIIMOHHOE TPOCTPaH-
CTBO H, KaK CJIEJICTBUE, YIYUIIUTh KAYECTBO PabOThI ¢ MHYOPMAIMOHHBIMHU IOTOKAMH U JOCTYI K HH(QOpMAaLUK J1st
BCEX YYACTHHKOB IIEPEBO30THOTO IIpoIiecca.

Kniouesvie crosa: >MeKTPOHHBIA OPUANYECKH 3HAYUMBINA JOKYMEHT; SJIEKTpOHHAas IudpoBas moammck; bemo-
pycckasi skeJe3Has Jopora; Tpy30oBasi 1 kommepueckas padota; AC «DneKTpoHHast IepeBO3Ka»; TEXHOIOTHS paboTh

Beenenue SIBJICHUEM OIEPaTOPOB BAarOHHBIX MAapPKOB M KOH-
KYPHPYOIIUX MEPEBO3YHKOB, HATMYUEM
JIOCTaTOYHO CJIOKHOU CHCTEMBI TApU(PUKALIUYU TPY-
30BBIX TEPEBO30K 3a CYET MHOro00pasus MOBbI-
MIAFOINUX Y TOHWXKAIUX KO3(PPUIIMEHTOB, obec-
MeYeHUEeM MOTPYy3KU U BBITPY3KH TPY30B MPEUMY-

CoBpeMeHHBIE TEHAEHIUH pa3BUTUS TpaHC-
MOPTHOT'O PBIHKA CBHUIETENBCTBYIOT 00 YCIOXHE-
HUH TPY30BOI ¥ KOMMeEpYeCKOi paboThl Ha KeJe3-
HOJOPOKHOM TpaHCIOPTE, YTO OOYyCJOBJIEHO IO-
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IIECTBEHHO Ha KEJE3HOJOPOXKHBIX MYTSIX HeoOre-
TO TOJIB30BAaHUs, BO3POCIIMMH TPEOOBAHUSIMH KIIU-
CHTOB K COKPAIICHUIO CPOKOB JIOCTABKH M CPOKOB
COTJIaCOBaHMsI TIEPEBO30K. DTH W MHOTHE JIpyrUe
(axTopsl TPeOYIOT HAIMYUS COBPEMEHHBIX TEXHO-
JIOTMYECKUX PEIICHN, HalpaBIeHHBIX KaK Ha OIl-
TUMU3AIMI0 B3aUMOACHCTBUS JKEIE3HOH JOpOTH
C TPY300TIPAaBUTEISIMU U TPY30MOTyYaTEIsIMH, TaK
U Ha COBEPIICHCTBOBAHUE BHYTPEHHUX TEXHOJIOTHU-
gecKuX TporieccoB. OmHUM W3 HamboJiee mporpec-
CHBHBIX METOAOB COBEPILCHCTBOBAHUS PaOOTHI
NPHU3HAETCS MEPEX0Jl K UCIOIB30BAHUIO DIIEKTPOH-
HBIX IOPUANYECKH 3HAYMMBIX IOKyMEHTOB.

Hcnonb3oBaHue  3JEKTPOHHOTO  JOKYMEHTa
U OJIEKTPOHHOI wuudpoBol moxamucu (manee —
OIIT) pernamenTtupyet 3akoH Pecrny0nuku Bena-
pyce No 113-3 «OO0 D31IEKTPOHHOM JOKYMEHTE
U 3JIEKTPOHHOW HU(POBOH noanucu» ot 28 nexao-
pst 2009 r [2]. Ha Benopycckoii skene3Hoit gopore
HNPUHATHl HEOOXOANMBIE HOPMAaTHUBHBIE OKYyMEH-
THI Ul OpPTaHU3allid U OOECIeYCHUs] TPY30BBIX
nepeBo30K 1o Oe30ymaxHoW TexHomoruu. C co-
HpeNeNbHBIMI JKEJIE3HBIMU JOPOTaMH 3aKITIOYCHBI
WIN HaXOHATCS B CTaluM MPOpabOTKH COOTBETCT-
BYIOIIIME COTJIAIIEHHs, PErJaMeHTHPYIOILIIe Opra-
HHU3ALMI0 TIEPEeBO30K C HCIOJIB30BAaHUEM DJICK-
TPOHHBIX IOPUANIECKH 3HAYUMBIX JOKYMEHTOB.

PasnuuHble acmeKThl MPUMEHEHHS! SIIEKTPOHHBIX
IOpHAMYECKUX 3HAYMMBIX JIOKYMEHTOB Ha  JKe-
JIe3HOZOPOKHOM TPAHCIIOPTE PACCMOTPEHBI B CTa-
tesix B. JI. Hoceuua [7—10], II. E. Bymnasckoro
u JI. C. Makapoga [1], a Taroke B CTaThsix 3apyOeiK-
HBEIX aBTOpoB [15—17]. YcioBHsS TpaHCIPaHHIHOTO
00OMeHa JTEKTPOHHOH MOJIMUCHI0 OTPAKEHBI B CTAThE
[MaBnoBckoro A. A.[11]. OOwye TeHACHIMU U TIep-
CIIEKTHBBI PA3BUTHUS JJIEKTPOHHOTO JIOKYMEHTO00O-
poTa Ha KEJIE3HOJOPO’KHOM TPAHCIOPTE H3JIOKEHEI
Jlepunbm /1. 0. B yueOHOM mocoOuu «Jlucmeruep-
CKHE LICHTPBI U TEXHOJIOTHs YIPABICHHS IEPEeBO30Y-
HBIM TIporieccom» [4].

B BbIIENIEpEYNCICHHBIX HCTOYHHUKAX H3JIara-
I0TCsl O0IMe TEHASHIMH W TpoOIeMbl OpraHu3a-
UM DJIEKTPOHHOTO JOKYMEHTOO0O0pPOTa, MPU ITOM
orcyTcTBYeT MH(popManus 00 W3MEHEHWUH TEXHO-
JIOTHYECKUX TPOLECCOB PpaboThl C MEPeXoaoM
K HCIIOJIb30BAaHHIO JJIEKTPOHHBIX JTOKYMEHTOB Ha
KEJIE3HOZOPOKHOM TPAHCHOPTE OOIIEro MOIb30-
BaHUSI 1 METOIMYECKUE PEKOMEHIAINH 0 PacyeTy
3¢ (EeKTUBHOCTH UX TPUMEHEHHUS.

J7ist IpakTHYECKOH pean3aliy JIEKTPOHHOTO
0 OpMIIEHUS U COTIPOBOXKICHUS MEPEBO30K IPY30B
¢ ucnons3zoBanueM OLIII ¢ | kBaprama 2015 roma
JeificTByeT ABTOMaTH3MPOBaHHAas cucTeMa «JeK-
TpoHHas nepeBo3ka» (nanee — AC «DnekTpoHHas
nepeBo3ka»). CucTema HalpaBiieHa Ha aBTOMATH-
3al{I0 OMepaluil Mo IUTAHWPOBaHUIO, Odopmile-
HUIO MEPEBO30YHBIX U MHBIX JTOKYMEHTOB, BBIIOJ-
HSIEMBIX IPy300TIPaBUTENIMU/TPY30ITOayYaTe-
JIIMH BO B3aWMOJIEHCTBUM C aBTOMAaTH3UPOBAHHBI-
MU cucTeMaMu benopycckoil jkene3Hoil Topory mo
web-TexHomoruu WM TpU B3aUMOJACHCTBHU aBTO-
MaTH3UPOBAHHBIX CHCTeM M0 TpuHIUIY <«ACY
kirenTa — ACY benopycckoif sKeine3H0i T0porm».

[lepexox K UCHONB30BAHUIO DIEKTPOHHBIX
IOPUINYECKN 3HAYMMBIX JIOKYMEHTOB MEXIY JKe-
JIE3HOW NOpOrod MU KIMEHTaMU TO3BOJISIET U3MeE-
HUTH TMOAXOJBl U K TEXHOJOTHYECKOMY JOKYyMEH-
TOOOOPOTY BHYTPH CaMOM jkele3Hol moporu. Tex-
HOJIOTHYECKHH JTOKYMEHTOOOOPOT JKEIEe3HOW [T0-
pOTH, SABISIOIIMNCA OCHOBOM aHanIM3a, KOHTPOJI,
OTIEpaTHBHOTO YIPABICHUS U TUIAHUPOBAHUS JKC-
IUTyaTallMOHHOW paboThl, B HACTOSIIEe BpeMs
OCYIIIECTBJISIETCA B OCHOBHOM Ha OyMa>KHBIX HOCH-
Tensix. HecMoTps Ha mpoBepKy BBOAa JaHHBIX
C WCIIONIb30BaHUEM (OPMANBHBIX H JIOTHUECKUX
METOJIOB, BO3HHKAIOT pACCOIJIACOBAHUSA MEXAY
0QOpMIISIEMBIMH JIOKYMEHTaMH M COOOIICHUSMH,
MOCTYNAOIIMA B HH(QOPMAIIMOHHBIE CHCTEMBI.
B pesynbTare BO3HHKAIOT OMOJIHUTENHHBIE pac-
xonpl Wy benopycckoil kene3HOM IOpOru,
W y TPY30BJaJeNbLeB 10 OUCKY U HUCIPaBIICHHUIO
ommbok. Tpebyercss obecneunth 3PHEKTHBHOCTD
YIpaBiIeHUsT JAOKYMEHTOOOOpOTOM, MHUHHMH3HPO-
BaTh BIIMSTHHE YEJOBEYECKOTo (aKTopa, chaenaTh
MpoIecc ynpaBieHus 0ojiee YeTKUM W Tpo3pad-
HBIM TSI KOHTPOJISI, 00€CTIEYNTh CBOEBPEMEHHOCTh
W KauecTBO mpenocrasisieMol nHdopmanuu. [oc-
THYh 3TOTO BO3MOXKHO 32 CYET 3aMEHBI yCTapeB-
mei cucTeMbl OyMa)kKHOH TEXHOJIOTHH Ha aBTOMa-
TU3UPOBAHHBIE CUCTEMBI, 00ecIieunBaromue pado-
Ty € 3JICKTPOHHBIMH JJOKYMEHTaMHU.

Hean

Lenpio craThu SIBISETCS COBEPIIEHCTBOBAHUE
TEXHOJIOTHH PpaboThl KeJIEe3HOAOPOKHOTO TpaHC-
nopra obmero nonp3oBaHus PecrnyOnuku bena-
PYChb B YCIIOBHAX IPUMEHEHUS 3JIEKTPOHHBIX H0pU-
JUYECKU 3HAYMMBIX JJOKYMEHTOB.
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MeTtoauka

[Ipu poBeneHNH JAHHOTO HCCIEIOBAHUS PO-
BOIWICS cOOp CTaTHCTHYECKOH WHOOpPMAITIH II0
MPOJODKUTEIBHOCTA  BBIMIOJIHEHUST  OTICIIbHBIX
TEXHOJIOTHYECKUX OIEPAIlUH, OIICHKA CTATUYECCKIX
JMAHHBIX M aHAJM3 WX OIMHCATENIbHBIX XapaKTepH-
CTHK.

Jis OTAENBHBIX TEXHOJOTHMYECKUX TPOIIECCOB
MPOBOAWJICS WX aHAJIM3 C JIEKOMIIO3HUIIMEH 1O BBI-
MONTHSAEMBIM OTIEpalsAM W WCIOJHHATENSM, YTO
MO3BOJIMJIO  aJITOPUTMHU3UPOBATH paccMaTpuBac-
MBI€ TTPOIECCHI.

IIpu omenke 3h(PEKTUBHOCTH MPEIIOKEHHBIX
MEPONPUATHH HCIIOJIb30BAUCHh METOMABI 3KCIEPT-
HBIX OIICHOK, METOJBI OIleHKH 3¢ dextuBHOCTH | T-
uHBecTHINH B Kiaccudukanuu Pemenu, b. ®apow,
T. Penxema [5].

Pa3paboTka TexHomoruu pabOTHI KEIE3HOIO-
POXKHOTO TpaHCHOPTa OOIIero moib3oBaHus Pec-
myOnwky benapych B yCIOBUSX IPUMEHEHHS DJIEK-
TPOHHBIX IOPUIMYECKH 3HAYMMBIX JOKYMEHTOB
SIBIISIETCS. KOMIUIEKCHOHM Mpo0iIieMoit u Tpedyer ze-
TaJbHOTO PACCMOTPEHUS] TEXHOJIOTUYECKHX, aIma-
paTHBIX, MIPOrPaMMHBIX, OpraHU3aIUOHHBIX
Y UHBIX aCIEKTOB.

AHanu3 OCHOBHBIX TEHICHIMH SJIEKTPOHHOTO
JMIOKyMEHTOO0OpOTa M HAKOILUICHHOTO MEXKIyHa-
POJTHOTO OMbBITA MPUMEHEHHUS AJICKTPOHHBIX OPH-
MIUYEeCKH 3HAYMMBIX JIOKYMEHTOB W JJIEKTPOHHON
nu(poBOil MOANKCH TIPH TIEPEBO3KE TPY30B Ke-
JIE3HOJOPOKHEIM TPAHCIIOPTOM, a TAKXKE HCCIEN0-
BaHUE YCJIIOBUH NMPUMEHEHUS 3JIEKTPOHHBIX JIOKY-
MEHTOB Ha benopycckoi »ene3Hoi jopore ¢ aHa-
JU30M  CYIIECTBYIOIIMX MPOIIECCOB TPy30BOM
U KOMMEpPYECKOW paboThl, peaan3yeMbIX C IOJ-
nepxxkkod AC «DneKkTpoHHAasl IEePeBO3Ka», MO3BO-
nseT pa3paboTaTh MEpONPHATHS MO0 COBEPIIEHCT-
BOBAHUIO TEXHOJIOTUH PA0OTHI KEIIE3HOI0POKHOTO
TpaHCIIOpTa OOIIEero TMoNb30BaHUs PecmyOmuku
Benapych B ycrmoBHsX MpUMEHEHHS IIIEKTPOHHBIX
IOPUINYECKH 3HAYMMBIX JIOKyMEHTORB. [Iporuosnas
o1leHKa 3PPEKTUBHOCTH BHEAPEHUS IJICKTPOHHBIX
IOPUINYECKH 3HAYMMBIX JIOKYMEHTOB B TPy30BOH
U KOMMep4eckoil paboTe benopycckoil kene3Hoit
JIOPOTH SIBIISICTCSI 3aKJIFOUUTEIILHBIM JTAllOM HC-
CJIEJIOBaHUSI.

PesyabTatnl

Opranuzanus paboThl C AIEKTPOHHBIMH JOKY-
MeHTamMu u OIIIl mpenmonaraer COOTBETCTBHE
obopynoBaHus pabovnx MecT TpeOyeMbIM TEXHU-
YecKUM XapakTepucTtukaM. llepexon k aBromaru-
3UPOBAaHHBIM CHCTEMaM, MOCTPOCHHBIM Ha Web-
TEXHOJIOTHAX, B CBOIO OdYepenab, OOYCIOBIHMBAET
BBICOKHE TpeOOBaHUS K pabOTOCIIOCOOHOCTH ceTeit
nepefayu JaHHbIX. B CBsA3M ¢ 3TUM, 11 nepexoaa
K DJJIEKTPOHHOMY JOKyMEHTOOOOPOTYy, B TEPBYIO
ouepenb, TpeOyeTcss OCYIIECTBIEHHE KOMILIEKCa
MEpONpUATHH, CBS3aHHBIX C oOOecredeHueM
n yHH(UKan@eHd anmapaTHBIX M TMPOTPaMMHBIX
KOMIIOHEHTOB.

Bropoii 6ok meponpusituil TpedyeTcs Hampa-
BUTh Ha YMPOILECHUE BEACHUS CTAHLIMOHHON KOM-
MEpPUYECKOH OTYETHOCTH IO TPY30BBIM IEPEBO3KaM.
B vacTHOCTH, BEIOMOCTH HOMEPHOT'O yueTa rpy30B
Y BaroHOB, MPUHATHIX K oTmpasieHuto ['Y-3, kau-
i npuObITHS rpy30B ['Y-42, a Takke COMpOBOAH-
TenbHbIE BegoMocTH (GopMmbl 1'Y-4 Ha TpuUHATHIE
K IEPEeBO3KE Ipy3bl MEIKUMH U KOHTEUHEPHBIMU
OTIIpaBKaMU LIEI€CO00Pa3HO BECTH TOIBKO B DJIEK-
TPOHHOM BHJIE, 0€3 WX MOCIEeNYIOIIEeH paclevyaTkKy.
ONeKTpOHHBIE BEPCUU KHUT BBITPY3KH rpysa I'Y-
44 u puema Tpy30B K ornpasieHuio ['Y-34 Heob-
XOIMMO JIopaboTaTth (GyHKIUSMH (pUKcalMi BBO3a
U BbIBO3a I'py3a IO YacTsIM M TakXe BECTH HX
TOJIBKO B 3JICKTpOHHOM BHE [3].

PacneuaTpiBaHHe TIEPEUMCICHHOM W  HMHOM
CTAHIIMOHHONM KOMMEPYECKOM OTYETHOCTU IIPU €€
BEJCHUH B 3JICKTPOHHOM BHJE OOYCIIOBICHO B Ha-
cTofmee BpeMsi TpeOOBaHUSAMHU PEBHU30PCKOTO all-
napara. [Iyig pemieHus 3Tol npodaeMbl HEOOX0Iu-
MO pEerjJaMeHTHPOBaTh IEpeYeHb CTAHLWOHHOMN
KOMMEPYECKON OTYETHOCTH, KOTOpasi JOJKHA BecC-
THUCH TOJBKO B AJIEKTPOHHOU (hopMme, peann3oBaTh
MOJKII0YeHHe peBu3opoB kK AC «DnekTpoHHas
MIEPEeBO3Ka», YTO MTO3BOJIUT OCYIIECTBISATH JUCTaH-
IIMOHHBIA KOHTPOJIb 33 MPaBIIIFHOCTHIO Odopmite-
HUS U BEJIEHUS OTYETHOCTH.

[locne ompeneneHHOW AOPaOOTKH W paciuupe-
Hus ¢yakuoHana, AC «DneKTpoHHas TIepeBO3Ka»
MO3BOJIUT ABTOMATU3HUPOBATh pPSAA TEXHOJIOTHYE-
CKUX OTlepauuil Tpy30BOH U KOMMepYecKoil pado-
THI

— BU3HMPOBAHUE NEPEBO30YHBIX JOKYMEHTOB,;

— KOHTpPOJb MPOCTaBIEHUS MOIMHCH TPYy300T-
MpaBUTENS] O MPABWIBHOCTU Pa3MELIEHUs U Kpen-
JIeHUs Tpy3a,;
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— oQopMIICHHE TIEPEBO3KH TPy3a C MPOBOAHU-
KaMH;

— [ojaya 3asABJCHUS HA IIEPEaJPECOBKY H €€
COTJIaCOBaHHUE;

— OTKa3 OT 3aKpeIIeHUs] IUana30HOB HOMEPOB
OTIIPABOK 33 CTAHIMSIMHU, JTUHAMHYECKAsl IPUBSI3Ka
HOMepa M3 obmieil 6a3pl Mo 3ampocy pabOTHHKA
JKEJIE3HOM NOPOry.

Craenyrommii 3Tam COBEpIICHCTBOBaHMSA pado-
THI NIpeIoiaraeT IpoBeACHNE MEPOIPUATHH, IIpe-
JyCMaTpHUBAIOLINX OTKa3 OT UCIIOJIb30BaHUs OiaH-
KOB cTporoii orderHoctH. llepBoHauanbHOE Ha-
3HaueHHe OJAHKOB CTPOrOH OTYETHOCTH COCTOMT
B HCOOMYUICHWU HECAHKIIMOHUPOBAHHOI'O HUX HC-
nojb3oBaHus. [IpuMeHeHne MeKTPOHHBIX IOPUIHU-
YEeCKH 3HAUYMMBIX JOKYMEHTOB IMO3BOJIET OCYIe-
CcTBUTh (GYHKIMHU KOHTPOJds mocpeactBoMm OIIIT.
Takum 00pazoM, LenecooOpa3HO BHIBECTH KOM-
MEpYeCKUEe aKThl U IEePECHUIOYHbIE HaKIaIHbIC
I'V-27 u3 nepeuHsi TOKyMEHTOB CTPOIOH OTYETHO-
CTH. HepCHeKTI/IBHBIMI/I HaIlpaBJICHUAMHN COBEP-
IIEHCTBOBAHMS T€XHOJIOIMU PabOTHI C IPUMEHEHH-
eM AC «DneKkTpoHHAsI TIEPEBO3Ka» SBIIIOTCS. OT-
Ka3z OT O(OpPMIICHHUS TMEPECHUIOYHBIX HAaKJIaJIHBIX
I'Y-27; nepecMoTp (hopMBI M HANlOJHEHHOCTH Ba-
TOHHOTO JIUCTA UCXOJSl U3 €r0 COBPEMEHHBIX TEX-
HOJIOTUYECKHX 3a7ad.

CoBepILIEHCTBOBAaHNE TEXHOJIOTHH Tepeiadn
YBEIOMJICHUH — €l1le OHO U3 BXHEHIINX HaIpaB-
JICHUH NPUMEHEHHs 3JEKTPOHHOIO JOKYyMEHTO-
obopota. Heo6xoanMocTh nepeaun yBeIOMICHU I
perinaMeHTUpoBaHa Y CTaBOM JKEJIE3HOJOPOKHOTO
TpaHcnopra obuiero mosib3oBanusa u IlpaBuiamu
nepeBo3oKk rpy3oB. Dukcanus nepenavyn yBeJOM-
JICHWH TO3BOJISIET B MOCJEIYIOMEM KOPPEKTHO
paccuMTaTh IJaTy 3a MOJIb30BaHWE BarOHaMHU MU
3a XpaHEHHE Ipy3a. 3HAYUTECIbHONH TEXHOJIOTHYe-
CKO TpoOneMoH sIBIIsIeTCA TO, YTO AJs (puKcauu
IBYX Pa3HBIX yBEIOMIICHUH (0 MpUOBITHH Tpy3a Ha
CTaHIIMIO, O MPECTOAIICH Mojlaue Ha MOIbE3THON
MyTh) UCIOJB3yeTcs oiHa kuura ['Y-2. B kadecTBe
pelieHnss BO3MOXKHA —Tepefada  yBeJOMIICHHS
0 IpUOBITHH Ipy3a aBTOMATHYECKH IO (aKTy mpo-
craBneHuss B AC «DIeKTpoHHas ITepeBO3Ka» Ka-
JICHJAPHOTO IITEMIIEJIsl CTAHIIMH Ha3HAYCHUSI.

OCOOEHHOCTBIO TMPAKTUYECKOTO HCIOIb30Ba-
Husa OIII sensercs To, yro DLIT Moxker mpume-
HSTBCS B Ka4eCTBE WHCTPYMEHTA, MO3BOJISIOIIETO
KaK IOAMUCAaTh JOKYMEHT C yKa3aHHbIM B HEM
BpEMEHeM, TaK U 3aMKCUPOBaTh CaM MOMEHT BbI-

MOJTHEHMs JIF000W TEXHOJOTHYECKOH orepaluy,
YTO OCOOCHHO KPHUTHUYHO s yBemomienuid [13].
JlBa BapmaHTa nepenayd yBEIOMIIEHUM MpHEeMOC-
naTaukoM B CHCTeMe aBTOMATH3alliU MOATOTOBKU
1 oopMIIEHUS JTOKYMEHTOB CTAHIIMOHHON W KOM-
Mepueckoit oruetHocTH (mamee — CAIIOMT) u mo-
Jy4eHHEM  YBEAOMJICHHsS  Tpy3o0o0TmpaBuTesem/
rpy3onony4areneM B AC «DJIeKTpoHHAs MepeBO3-
Ka» TIpeJICTaBlieHbI Ha prc. 1: BapuaHT 1 ¢ morude-
CKAM KOHTpOJIEM BPEMEHHU IMepeqadd yBeIoMIIe-
HUS U TTOCIEAYIONUM 03HAKOMJICHHEM T'PY30I0Iy-
4aTens/Tpy300TIpaBUTENs ¢ YBEJOMIICHUEM, 2 Ba-
pHAHT C MOATBEPXKICHHEM IIONyd9eHHUS YBEIO-
MIICHHSI TPy300THpaBuTesieM/ TIpy30MoiydareneM

¢ DIIII.
a—a Mepanaua yEeanunesus o MpeneTomRLei
nogae (sapaant 1)
[ IpAaMOCaa TS UK
JANNCE BRRMEHA NEEACTOALLEN NOEEYH
ry-z ESIOHOE FEYI00TIPE BTSN
OYAONONYYETEND
ol T
Epaa NpaseToAei nogauw BonsLs
TeKYLUErD Ha 2 vaca?
ml&ﬁl:al.'.“ﬁ TERYLWETD BLEMEHA,
-z Nepanaya yeeno MeHHA
TEY300TN DA BATENHN DY30N0NYYETEMG
AL e e
| DyaCOTIDAEHTEN T DY SON0IYYETEND
rv.g CRIHARGMIMIHIAG GO B MEHEM
NPEOCTORUSE MO0
A e
6—b Mepenava ysegomnexus o npeacTosen
nopade (BapuaHT 2)
[MpuémocaaTumk
Mepeneva ysegomneHns o BpemMeHm
ry-2 npeacTosiLei Noaayn BaroHoB
rpy300TNpaBuTentio/rpy3ononyyaTento
CANoa
[ py3ooTnpaBuTenb/rpy3ononyyarenb
ry-2 OsHakoMmIeHne co BpeMeHem
npeacTosiLLen nogaym
AC «3l» l
' py300TNpaBuTENL/rpy3ononyyaTens
rv2 MopTBepxaeHne nonyyeHns
yBefomnenusi nocpeactaam LM
AC «3lM»

Puc. 1. Anroput™el iepenad yBeIOMICHHH
0 IpenacTosuiel nogave:
a—¢C @HKC&HI/ICﬁ MOMCHTA II€peaadu yBEAOMIIC-
HUS; 6 — C TIOANUCHIO JJOKyMEHTa
C YKa3aHHBIM BPEMECHEM YBCIOMIICHUS

Fig. 1. Algorithms of reporting
about the upcoming supply:
a — with fixing the reporting point;
b — with signature and specified reporting time
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[lepemaya yBemomieHUil TECHO CBs3aHa C Me-
PONPUATHSIMUA [0 COBEPIICHCTBOBAHUIO B3aUMO-
NEHCTBUS KEJIC3HOMOPOKHBIX ITyTeH HeoOmero
MOJIB30BaHMsI U CTaHIMKA MpuMblkanus. C mepexo-
JIOM K BEICHUIO MaMsITKH MPHEMOCIaTYhKa B BHJC
JIEKTPOHHOI'O0 JOKyMEHTa HEBO3MOXHO obecIe-
YHUTH €€ MOAMUCAHUE HETIOCPEJCTBEHHO Ha MECTax
BBIMIOJTHEHUSI MTPUEMOCAATOYHBIX onepaunii. Cio-
JKUBILIASICS MTPAKTUKA IPUMEHEHHS MaMSTKH IIpHe-
MOCATYUKA CBUIETENbCTBYET O IOMBITKE MPUCTIO-
COOUTH ee Ayl PUKCAUH MaKCUMalIbHOTO KOJHYe-
CTBa TEXHOJOTMYECKHX OIepaluid, OZHAKO, y4H-
ThIBas OTPAHHYEHHOE KOJMYECTBO IOJMHUCEH
CTOPOH, 3TO B MIPUHIIUIIE HEBO3MOXKHO.

AHanu3 CIOXHBIIEHCS CHTYalldH MO3BOJMIT
BBISIBUTH CJIEOYIOLIME HENOCTATKU NPH BEACHUH
namsitku ['Y-45 [14]:

— Bpaspe3 ¢ IMOJIOKEHUSIMHU NPaBWII MEPEBO30K
Ipy30B, B MAMATKE HE OTPa)KaeTcsi U HE MOATBEp-
KIIAeTCs MOANKUCHIO BPEMs BBIIIOIHEHHSI IPHUEeMOC-
JATOYHBIX Olepaluii MpH OOCIYXHBAHUH ITyTH
HEOOLIEero MOJb30BaHUS JIOKOMOTHBOM II€PEBO3-
YHKa;

— B TAaMATKE HCIOJb3YeTCsl HEKOpPpPEKTHas
TEPMHUHOJIOTHUS NP (UKCAIMK BPEMEHU BBITIOIHE-
HUSI IPUEMOCIATOYHBIX ONepauuil mpu oOCiTyKu-
BaHUM IMYTH HEOOLIErO IOJb30BAHUS JIOKOMOTH-
BOM,

HE NPUHAUIeKALINM IIePeBO3UYMKY: «Ieperaya Ha
BBICTABOYHBIM ITyTh», «BO3BPAT HAa BHICTABOYHBIH
MyThY;

— B MaMSTKE OTCYTCTBYET BO3MOXHOCTb 3aIlu-
CH BpPEMEHH YBEJOMJICHHSI O TOTOBHOCTH K TpHe-
MOCIATOYHBIM OMepalusM Tpu  OOCTYKHBaHUH
NyTH HEOOIIero MOJb30BaHUS JOKOMOTHBOM,
HE MIPUHAAJICKAIUM [1EPEBO3UHKY;

— IOJNMCHIBAs MaMATKY IPU BO3BPAILEHUH Ba-
TOHOB C IyTH HEOOIMIEro MOJIb30BaHUs, IPHEMOC-
JaTYMK CTaHLUMHM MOATBEP)KIAET CBOEH MOAMMUCHIO
HE MOMEHT BBIIOJIHEHHUS IIPUEMOCAATOYHbIX Olle-
pauuii, a Bpemsi yOOPKH BaroHa JyUis BEJCHHUS CTa-
TUCTUYECKOH OTYETHOCTH;

— «IPUBS3Ka» TPYIIBl OJHOBPEMEHHO IOJa-
HBIX BaroHOB K OJIHOM MaMSTKE BbI3BIBAET U30bI-
TOYHYI0 OyMakHyr0 PadoTy mo (OPMHPOBAHHIO
HOBBIX NAaMSTOK IPH OCYLIECTBICHUH TEXHOJIOTH-
YECKHUX OIepaluid ¢ OZHUM HJIM HECKOJIbKHUMHM Ba-
TOHAMH U3 3TOH IPYIIIHL.

CymecTByomas B HBIHEIIHEM BHIE MaMsTKa
I'V-45 (kax B OyMakHOM, TaK M B DIIEKTPOHHOM

BUJIC) HE BBINOJIHACT QYHKLIUH Y4eTa BHITOTHCHHS
MPUEMOCIATOUYHBIX OMNEpalNid, MpeANUCaHHbIE ei
[IpaBunamMu nepeBO30K I'Py30B, a CIYXHUT JOKY-
MEHTOM, YJIOCTOBEPSIONINM BpeMs, HEOOXOIMMOoe
JUISL JanbHEHIIero pacyera IaThl 3a MOJIb30BaHHE
BaroHaM# u (pOPMHPOBAHUS CTATHCTUKHU MO TOJa-
HBIM U YOpaHBIM BaroHaMm.

Hauucnenue nnatel 3a nogayy u yoopky Baro-
HOB Ha OCHOBaHMU NaMsTOk ['Y-45 ceromns sBis-
€TCs JOCTAaTOYHO CIIOKHOM omepariueit U He B TMOJI-
HOW Mepe aBTOMaTH3UpoBaHHON. CI0XKHOCTh pac-
YyeTa IUIaThl 32 MOJa4y U YOOpPKY BaroHoB, 00y-
CIIOBJIEHa HEOOXOAMMOCTHIO €KECYTOYHOTO ydeTa
KOJINYeCTBAa IMOJIaHBIX ¥ yOpaHHX BaroHOB B yCJIO-
BUSAX HaJW4Ms B OJHOW IOJaye BaroHOB Pa3HBIX
COOCTBEHHHMKOB; BaroHOB, TOJIaBAEMbIX K Pa3HBIM
(poHTaM; BaroHOB, MOJABAEMBIX IO/ CIABOCHHBIC
oreparnyy 1 ap.

Takum 00pa3oMm, JJisi COBEPIICHCTBOBAHUS B3a-
HUMOJICUCTBUSA YKEJIE3HOIOPOKHBIX myTen
HEOOIIero IMOJIb30BAaHUS M CTaHLIUN MPUMBIKAHUS
HEOOXOAMMO pEIINTh KOMIUIEKC 3a/ad, OXBaThl-
BAIOIIIMX BHECEHUE HW3MEHEHMH B HOPMAaTHUBHO-
MPaBOBbBIE aKTHI, IepecMOTp Gopmbl namstku ['Y-
45, ympoleHue MOopsAKa HAYWCIIEHHWS IJIaThl 3a
monayy M yOopky BaroHOB, mopabotky CAIIO/]
1 AC «DneKkTpoHHas epeBO3Ka».

Hapsiny ¢ B3auMoneicTBHEM CTaHLMU NPUMBI-
KaHUAS W OKEJIEe3HOJOPOXKHBIX IyTed HeoOmero
TOJT30BAHUS, TAKOH JK€ KOMIUIEKCHOM MpoOIeMoii
SBJIIETCS] TUTAaHUPOBAaHUE MEPEBO30K W y4YET BHI-
MIOJTHEHMSI 3asBOK. MecsuHOe NMIaHUpPOBAaHUE ABIIA-
eTcsl M30BITOYHBIM W HEYIOOHBIM KaK Ul KJIHEH-
TOB, TaK W i1 paOOTHUKOB KEJE3HOM JOpPOTH.
I'py3ooTnpaBuTens HE MOXKET JOCTOBEPHO yKa3aTh
IUIaH OTTPY3KU Ha MECSAL B CUJIYy MEHSIOLIEHCS CU-
Tyallud Ha PBIHKE WJIM HEIUIaTeKeW M0 KOHTpPAK-
TaM, YTO BBI3BIBAET HEOOXOAMMOCTH IMOJAYU KaK
JIOTIOJTHUTENbHBIX 3a5BOK HAa MEPEBO3KY, TaK U JO-
MOJIHATEIBHBIX 3a8BOK B CUET U3MEHEHHS OCHOB-
HBIX.

W36biTOuHas TiyOWHA TJIAaHUPOBAHHUS BeIET
K M3IIUIIHEH OyMakHOW paboTe Kak sl epeBo3-
YhKa, TaK W [ OTHpPaBUTENS; IMOTEHIUAIBHO
MoJIpa3yMeBaeT HaJlW4ue HEYCTOMKH, 4TO Hera-
TUBHO BIMSIET HA TPY300TIPABUTENS U, B TO XKE
BpeMsi, HE TMOBBIIIAET JOXOJAHOCTh benopycckoit
HKEJIE3HOU TOPOTH.

Hanuuue mporpammusix npoayktoB: CAIIO/],
ABTOMaTHU3UPOBAHHOM mMojACUCTEMBI «Mecruian»
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(mamee — ATl «Mecmian») He pelraeT mpoodiiemMy
aBTOMATH3allMU BEICHUS YYETHBIX KapTOYeK, TO-
3TOMYy Ha CTaHIUSIX HEOOXOIUMBIM SIBIISIETCS Be-
neHrne uxX OyMaKHBIX aHAJIOTOB JJISI TOTO, YTOOBI
MO3KE MPABHILHO O(QOPMUTH YUETHYIO KapTOUKY
B CAIIO/l. MeponpusTHs 10 PEeIICHATO MPOOIEMbI
MOTYT OBITh CBEJEHBI K OIEPaTUBHOMY IOMOJIHE-
Huto QyHKroHana AC «DIeKTpoHHAs epeBO3Ka»
WIH TpeIyCMaTpUBaTh KOMILIEKCHOE pelIeHHe,
oxBatreIBatomee. 10paboTky AC «OneKTpoHHas
nepeBo3ka», AIl «Mecmnan», CAIIOJ Ha 1no-
KaJbHOM YPOBHE C YUETOM TEXHOJOTHYECKUX OCO-
OeHHOCTEW TUTAaHUPOBAaHUS WM ydYeTa IUIAHOB TIIO-
TPY3KH; MEPECMOTP NPOLEAYPHI IJIAHUPOBAHUS Ha
OCHOBAaHUH TIPOBEACHUS OMOJHUTEIBHBIX HCCIIe-
JIOBaHUW TIO0 HEOOXOIMMOHW TIyOMHE IJIaHWPOBA-
HUS U1 JKEJNEe3HON JOPOTH C IIeNbI0 CBOEBPEMEH-
HOW I0JIa4H BarOHOB IO/ TOTPY3KY.
3HAYUTENBFHBIM HEJOCTAaTKOM TIIPU Tepexoje
K 0e30yMaXHOMY JTOKYMEHTOOOOpPOTY B HACTOSI-
ee BpeMs ABIsAETCS HEOOXOAWMOCTh pacreyaTsl-
BaHUS JIOPOXKHBIX BEJOMOCTEH, KOPEIIKOB TOPOK-
HBIX BEJIOMOCTEH C MOCIENYIONIeN X MePEeChUTKON
B OraeneHyeckuii pacueTHBIM IEeHTp (manmee —
OPII) mast mpoBEepKH MPABUIBHOCTH HAYHCIICHHS
npoBo3HbIX miuatexxend. Taxxe B OPL| nnst mposep-
KW TIPaBUJIBLHOCTH HAYHMCJICHUS IUIAT 3a JOMOJHH-
TEJbHBIC PA0OTHI U YCIYTH NEPEChIIAIOTC OyMax-
HBIE 9K3eMIUISIPBI TIEPBUYHBIX JTOKYMEHTOB [13].

Bo3MokHBIE BapHaHTBI COBEPIIEHCTBOBAHUS
paboThl MO MPOBEpKE MPABHUILHOCTH HAYHCICHUS
MPOBO3HBIX TUIATEXKEH, B TOM YHUCIIE C MPUMECHCHU-
eM ¢ynkrmonana AC «3JIeKTpOHHAs TIEPEBO3Ka»,
BBIOMpAIOTCS B 3aBHCUMOCTH OT (yHkuuii OPLI,
nepegaBaeMbIX B CTpyKTypy lleHTpa Tpancmopt-
HOTO 00CITy>kMBaHUs B pamkax [Iporpammsr pa3su-
THS TPY30BOT0 X03s1iicTBa benopycckoii »kene3Hou
nmoporu o 2020 roxa. [TomHbIi 0TKa3 OT MPOBEPKU
MPAaBIIILHOCTH TPOBO3HBIX TUIATEXKEH MOXKET OBITh
peamn3oBaH B YCIOBHSIX CBOEBPEMEHHOTO BBOJA
MOMPAaBOYHBIX  KOXQQHUIUEHTOB K  Tapudam
B CAIIO/l, mepexona K BEACHUIO HOPMATHUBHO-
CIpaBOYHOH WH(POPMALIMK Ha KaYeCTBEHHO HOBOM
ypOBHE U J0pabOTKH CYIIECTBYIOIIEr0 MporpamMm-
HOro o0ecrevyeHus], MUHUMHU3HUPYIOIIETO BIHSHUE
«YeNoBeYeCcKOro (pakropa».

OTKa3 OT MEPEeChUIKH JOKYMEHTOB Ha OyMa-
HBIX HOCHTENSX JJISi KOHTPOJIS NMPaBHIBHOCTH Ha-
YHUCIIEHU IIJIaT 3a JONOJHUTEIbHBIE pabOTHI U yC-
JYTH MOXET OBITh PEain30BaH B YCIOBUAX COKpa-

IICHUS TIEPEYHsI TUIAT, YIPOIICHUS METOAMKH Ha-
qucieHus miat (B TEpBYK Ouepelb, IIaThl 3a
nogady u yOOpPKY BaroHOB), Y)KECTOYCHHS KOH-
Tpoist (B T. Y. MPOTPaMMHBIMH CPEACTBAMH) 3a
MPAaBWIBLHOCTHIO O(OPMIICHHST TIEPBHUYHBIX JIOKY-
MEHTOB Ha CTAaHIIMOHHOM YpOBHE.

ITocpenctBom AC «DIeKTpOHHAS MEPEeBO3KA»
JIOJDKHO OBITh PEaTM30BaHO CO3JIaHUE €IUHOTO
WH(POPMAIIMOHHOTO TIPOCTPAHCTBA IS BCEX y4a-
CTHHKOB IIEPEBO30YHOTO IPOIecca, CTPYKTYPHBIX
MOJIpa3/ieJICHU TEePeBO3YMKa, O00ECIeUNBAOIIEe
B MIEPBYIO OUYEpPEIb:

— B3aUMOJEHCTBHE NEPEeBO3YMKA M TPY300T-
MPaBUTENSA/TPY30MONyUaTens TpH Tepeaade Iuia-
TEXHBIX JJOKYMEHTOB M OTCJIC)KUBAHUU COCTOSIHUS
JUIIEBOTO CYeTa, OTEPaTHBHOM HH(OPMHPOBAHUU
0 HAJIMYUH TeOUTOPCKON 3aI0JKEHHOCTH;

— B3aUMOJICHCTBHE MEPEBO3YMKA, I'PY300TIpa-
BUTEJISA/TPY30MOIyYaTes st 1 TaMOKHH TPH TaMo-
KEHHOM 0(hOPMIICHUHU TPY30B;

— (opmupoBaHue eIUHON 0a3bl JaHHBIX IO aK-
Tam o01iei Gpopmel 3a cueT ux ohoOpMIICHHS BCEMU
COTpyaHHUKaMH TepeBo3dnka B AC «DJIeKTpoHHAS
MePeBO3Ka»;

— ¢opmupoBanue 0a3bl JaHHBIX IO 3arpelie-
HUSM ¥ OTPaHHUYEHHSIM TTOTPY3KH.

Ha 6aze AC «DnekTpoHHas mepeBo3Ka» J0J-
JKEH TOATamHO (HOPMHUPOBATHCS CSAMHBIA HH(OP-
MAaIMOHHBIA TTOpTaN, 00eCNednBalOINil JT0TOBOP-
HYI0, MApKETHHTOBYIO U MHYIO pabOTy ¢ KJIFEHTa-
MU Ha JF000M dTane B3aumoaeicTeus. AC «Diek-
TPOHHAs MEPEBO3Ka» JIOJKHA C OJIHOW CTOPOHBI,
BBICTYTIATh B Ka4ECTBE CBOCOOPa3HOH «0OOJIOUKH-
CIIPAaBOYHUKA», aKKyMYJIMPYIOIICH HEOOXOAUMYIO
WHPOPMAIMIO M3 aBTOMATH3UPOBAHHBIX CHCTEM
Benopycckoii sxene3noil goporu st JanbHEHIero
ee TPeJCTaBICHUs KJIHWEHTYy; C JAPYTOd CTOPOHHI,
AC «DnexTpoHHas NepeBo3Ka» JOJDKHA 00J1a1aTh
JIOCTATOYHBIM (PYHKIIMOHATIOM JJIsl BBHITIOJHEHUS
KITUEHTOM TIOJTHOTO 0o0beMa FOpUAMYECKH 3HAUH-
MBIX JIEUCTBUN MpPU B3aUMOJEHUCTBUU C KEIE3HOU
JIOPOTOH.

[lepexon x 0e30yMa)KHOW TEXHOJIOTHH IIEPEBO-
30K 3aTpardBaeT BCE 3Tallbl OpraHU3alMK MEePEeBO-
304YHOTO TIPOIIECCa, MOATOMY MEPOIPHATHS IO ee
COBEPIICHCTBOBAHHIO JNOJDKHBI  3aTparuBaTh
He TOombko AC «DIeKTpoHHas TepeBO3Ka», HO
U CMEKHBIC, B3aUMO/JICHCTBYIONINE C HEll aBTOMa-
TU3UPOBAHHBIE CUCTEMEI.
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JononauTensHO HE0OXoAUMa peanu3alus Me-
POTIPUSATHIA, HANPAaBICHHBIX Ha YINPOIICHHE BHE-
nperus u odyuenms padbore B AC «DimekTpoHHAsS
nepeBo3Ka», MOBbIIIeHNE KBanudukanuu. MHOro-
o0Opa3ue MpOorpaMMHBIX MPOAYKTOB, HCIHOJIb3Yye-
MBIX B KOMMepYecKoi paboTe, BO3MOXKHOCTH Ha-
CTPOWKH WX «II0A cels», MpearnonaraeT Hajludue
HaBBIKOB pabOTHI M JOCTATOYHO BBICOKOTO YPOBHS
obpazoBannsa. HeoOxomumo pomomuenne AC
«JNeKTpOHHAsI TIEPEBO3Ka» BCIIBIBAIOIIUMH O]~
CKa3KaMH, CIpaBOYHON MHQoOpMaiueld mo pasne-
naM «PyKoBOJICTBa MOITL30BATEISI», CO3IaHUE 00Y-
YaIOIIero BHUEO MO OTIAEIBHBIM acleKkTaM paboThI
¢ AC «DnektpoHHas mepeBo3ka». s rpy3oot-
NpaBUTENe W Tpy3omoiydareield neaecooopazHo
MpeIoCcTaBIeHNEe yCIyT 0 00ydeHHio padote B AC
«ONEeKTpOHHAs TIEPEBO3Ka», sl paOOTHHUKOB JKe-
JIE3HOH JOpOord — TMOBBIMIEHHE 3PPEKTUBHOCTH
paboTHI TPYIIIT BHEAPEHHSL.

[ToBbIIeHne KBaMH(PUKAIUA PaOOTHUKOB MO-
XKeT OBITh JOCTHUTHYTO 3a c4eT (OPMHPOBaHUS
B AC «DneKTpoHHas MepeBO3Ka» 3TAIOHHON 0a3bl
JMAHHBIX TI0 O(QOPMIIEHUIO OIpPEIEICHHBIX JIOKY-
MEHTOB CTaHIIMOHHOM KOMMEPUYECKON OTYETHOCTH;
CO3JIaHHMs HEOOXOJMMOTO CIPaBOYHOIO Marepua-
Jla, HampaBlIeHHOTO Ha O0ydYeHHe IepcoHalla IpU
paboTe B HEXapaKTEPHBIX CIyYasX.

K cnenududeckum 0cOOEHHOCTSIM OLEHKH (-
(hEKTUBHOCTH 3JIEKTPOHHOTO JIOKYMEHTO00O0pOTa,
peamm3yemoro mocpenctsoM AC «DimeKTpoHHAs
nepeBo3ka», otHocstes [12]:

— CJIO)KHOCTH OTIpENENICHUs] KOJIMYECTBEHHBIX
MapaMeTpoB MpHU OOCITyKWBaHUHU TPY300TIIPABHUTE-
JIel, Tpy30IOojydaresied, Korja 4yaiie BCEro BO3-
MOYKHA TOJIbKO CYOBEKTHBHASI Ka4eCTBEHHAS OLICH-
Ka;

— HEBO3MOXXHOCTH OJHOMOMEHTHOTO OXBaTa
9JIEKTPOHHBIM JOKYMEHTOOOOpOTOM BCEX 3ajad
Tpy30BOH U KOMMepUYeCKoi paboThl, uTo 00ycas-
JIUBAET MOATAITHBIN POCT 23P(HEKTHBHOCTH C yIETOM
MOCIIEYIONIET0 Pa3BUTHS aBTOMAaTH3MPOBAHHBIX
CHCTEM,;

— HEOJHOBPEMEHHOCTh KAallUTANBHBIX 3arpaT
(MX TOAPTAHOCTH) Ha Pa3pabOTKy pPACIIUPSIOIIe-
rocsi ¢ynknuonana AC «DneKTpOHHas TMEpeBO3-
Ka»;

— B3aUMOCBSI3b  IE€PEBO30YHOTO  Ipolecca
C TOProBO-3aKYIOYHBIMH TIpolecCaMU  OOCITyKH-
BaeMBIX TPEANIPUATHA W TpeOOBaHHUAMH, KapaH-
TUHHBIX, TAMOXXCHHBIX, HAJOTOBBIX M WHBIX TOCY-

JApCTBEHHBIX OPraHOB, KOTOpBIE OOYCIOBIMUBAIOT
HEOOXOJUMOCTh OPUTHHAJIOB OKYMEHTOB Ha Oy-
MaQXXHBIX HOCHUTENSIX M, TaKHUM 00pa3oM, 3aTpyl-
HSIOT OIECHKY 3()()EKTUBHOCTH DIIEKTPOHHOTO JI0-
KyMEeHT0000poTa,;

— HamIpaBIICHHOCTh Ha o0ecrmedyeHne 0e30y-
Ma>KHOTO OOMeHa MECXKAY BCEMH YHYaCTHUKaMU IIC-
PEBO30YHOrO Tpolnecca (rpy300TIpaBUTENEM, Iie-
PEBO3YMKOM, TPY30MONydaTeeM, TaMOXCHHBIMU
opranammu) obecreunBaromas 3pQexT y Kakmaoi us
CTOPOH.

B cootBercTBHM ¢ MeTOIUUECKUMH PEKOMEH-
TArusIMA 110 000CHOBaHMIO 3PPEKTUBHOCTH HHHO-
BaIlHii Ha JKeJIEe3HOA0POKHOM TpaHcmopte [6], a¢-
(DEeKTHBHOCTH peanu3allid MHBECTHLMOHHBIX MPO-
€KTOB JUTS JKEJIE3HOJOPOKHOTO TPAHCIIOPTA CIEAY-
€T OLICHUBAThH KOMIUJICKCHO: BBISABIIATH
NPEUMYIIECTBa HOBOH KOHCTPYKIMH I TEXHOJO-
MM, a TaKXe OMNpeAessITh OSKCIUTyaTalHOHHO-
KadeCTBeHHbIe ToOKazarenu. K wymcny skcruryara-
IMUOHHO-KAaYCCTBCHHBIX XapaKTECPUCTUK OTHOCSATCS:

— Ka4yeCTBEHHbIC HW3MEPUTETH W HOPMBI HC-
MOJIH30BaHUSI MTOJIBUKHOTO COCTABA,;

— JIaNbHOCTh TIEPEBO3KH W CPOKH JOCTaBKU
Ipy30B, BpeMsl [Tpoe3/1a MacCakupos,;

— COXPaHHOCTbh U 0€30MaCHOCTh MEPEBO30K;

— Ka4eCTBO M AaCCOPTUMEHT IMPOXYKIUHA IS
OPEANPHUATHH, BBITYCKAIOIIUX TMPOMBIIIICHHYIO
MPOIYKIIHIO.

C taxux nozunuii AC «DIeKTpOHHAS TTEPEBO3-
Ka» HE€ OKa3bIBaCT IPAMOTO BJIMAHUA Ha IKCILIIya-
TAIlMOHHO-KAYECTBEHHbIC  XapaKTCPUCTUKH, HO
KOCBCHHO 3aTpardBacT Ba)KHEWIINE ACTEKTHI
obOecnieueHus1 0€30MAaCHOCTH TEPEBO30K, CPOKOB
JOCTaBKM TPY30B M BIMSAET HAa KAayecTBO OKa3bl-
BaeMbIX KiueHTaM ycnyr. C TOUKH 3peHHs TEXHO-
JIOTHYECKUX  XapakTepucTuk BHeApeHne AC
«DIEKTPOHHAS MEPEBO3KA» BIHIET HA COBEPIIECH-
CTBOBAaHHE M AaBTOMATH3AIMIO TPY30BOH W KOM-
MepYECKOM pabOTHI.

Ilo amamormm c APYruMu aBTOMATU3UPOBAH-
HBIMH cucTeMamu, 3Qdekt ot BHexpeHus AC
«DJIEKTPOHHAS TIEPEBO3KA» MOXET OBITH YCIOBHO
pasnesieH Ha JABE OOJIBIINE TPYTIBI: UCUUCIIIEMBII
ad ekt — obecrieunBaercs 3a cueT HaKTOpoB, BIIHU-
SFOIIMX HA DKOHOMHIO CPEJICTB M pabouero Bpeme-
HU KaK JKEJE3HOW JOPOTH, TaK U 00CITYKHBAEMBIX
Ipy300TIPAaBUTENEH, TIpy30IHoiydarenei; Heuc-
quCHsieMbId 3QQPeKT — obecrieynBaeTcs 3a CUeT
(haKTOpOB, BIHUSIONIMX CUCTEMHO Ha Ka4ecTBO pa-

doi 10.15802/stp2016/68141

30

© M. M. Konoc, M. A. T'onuap, 2016



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec Tpancropry. BicHuk J[HIIponeTpoBchKoro
HALIOHAILHOTO YHIBEPCUTETY 3alli3HHYHOr0 Tpancmnoptry, 2016, Ne 4 (64)

EKCIUTIYATALLA TA PEMOHT 3ACOBIB TPAHCIIOPTY

00THI ¢ HH(pOPMALIUEH 1 COBEPIICHCTBOBAHHE OKa-
3bIBAEMBIX YCIYT.

K ucunciasemomy s3hexty oTHOCSTCS:

— 9KOHOMHMS CPEJCTB KeJIe3HOW JOPOTH Ha H3-
TOTOBJICHUE, TMPHOOPETEHNE W NOCTaBKy ONaHKOB
JIOKYMEHTOB, WCIIOJB30BaHUE OyMaru, Ha 3aKyIKy
U 0OCIayXKMBaHHE TI€YaTHOW W KOIMPOBAIbHOMN
TEXHUKH (IPUHTEPHI, KOMMPOBAIBHBIC AlMapaThl);

— 3KOHOMHS CPEJICTB IPY300TIPABUTENEH, IPY-
3omorydaTeneii Ha OopOpMIIEHHE W JOCTaBKY Ha
CTaHIMIO JOKYMEHTOB B OyMa)KHOM BHJE, a TaKXKe
32 CUET YMEHBIICHHS NPOCTOS MOTPYKEHHBIX Ba-
TOHOB, KOHTEUHEPOB;

— 3KOHOMHMS BpeMEeHH paOOTHHKOB IEPEBO3UHU-
Ka BCJIEICTBUE COKpAIlleHUs MOBTOPHO BBOAMMOM
nH(pOpMaINK, TPUMEHEHHsS Ia0JII0OHOB, OXBara
OJHOU omepanuei cpa3y HECKOJIbKUX OJHOPOIAHBIX
JIOKYMEHTOB, BO3MOKHOCTH ONEPaTHBHOIN KOppeK-
THPOBKH OOHApPYXEHHBIX OIIMOOK, OTCYTCTBUS
HEOOXOAMMOCTH pacledaThIBaHus TOKYMEHTa, CO-
KpaleHus: TPOJIOJDKUTEIIBHOCTH  (DOPMHUPOBAHHUS
CBOJIHBIX OTYETOB, pa0OYMX TeTpajel U MHBIX BU-
JIOB OTYETHOCTH;

— DKOHOMHSI BpeMEeHH pPabOTHHUKOB TIpPy300T-
MIpaBUTENEH, Tpy30I0aydaTeneil BCIeACTBUE IpPHU-
MEHEeHHsI MIa0JIOHOB, OXBaTa OJHOW ormepanueit
Cpa3y HECKOIBbKHX JIOKYMEHTOB, BO3MOXHOCTH
OMEpaTUBHON  KOPPEKTUPOBKH  OOHApYKEHHBIX
OINOOK, OTCYTCTBHS HEOOXOJAMMOCTH TOCEIIEHUS
CTaHLUU.

A
Heucyuciaemwiii

sghghexm
68%

K neuncunciasiemomy 3¢ ety oTHOCSTCA: yc-
KOpEHHE MPEeNOCTaBICHNS YCIIyT, YIPOIIEHHE KOH-
TPOJIA M COBEPUICHCTBOBAaHHE TIPY30BOH U KOM-
MepYecKoil paboThbl, COBEPIIEHCTBOBAHUE TEXHO-
JIOTHYECKHX TPOLECCOB U MEepexo] Ha HOBBIC TEX-
HOJIOTH, a TaKXe COBEPLICHCTBOBAaHHE KauecTBa
paboTsl ¢ HH(OPMALIMOHHBIMU ITOTOKAMH.

Pesynbrarel pacueToB CyMMapHON O0XHAAEMOU
rOAOBOH HKOHOMHMH OT IIOJHOTO Iepexoja Ha
JIEKTPOHHBIA JOKYMEHTOO000POT IIPH XKeJIe3HOAO0-
POXHBIX TNEpeBO3Kax Ipy30B CBeACHBI B Tadm. 1.
Ha puc. 2 nzo0paxkeHO pacupeneieHue cymmap-
HOM 0XHUJAaEMOM SKOHOMMH OT IMepexoja K dJeK-
TPOHHOMY JOKYMEHTOOOOPOTY, ONpEAe]ICHHOE Ha
OCHOBaHUH pe3ybTaToB TadI. 1.

Ha ocHoBanuu auarpammsl (puc. 2) O4eBHUIIHO,
yro Haubombiryio gomio (68 %) or oxumaemoit
CyMMapHOW SKOHOMHHU COCTaBIISIET HEUCUHUCIIsie-
MBIH 3(h(heKT, KOTOPBIIl BO3MOXKHO OLIEHUTH TOJIBKO
KOCBEHHBIMH criocobamu. K cocraisronmM Heuc-
yucisgeMoro 3(pQekTa OTHOCATCA: yBEIUYCHUC
npuObUIM OT MPHPOCTa 00BEMOB I'PY30BBIX Iepe-
BO30K, 3KOHOMHUSI OT YCKOPEHHUsI 000poTa rpy30Bo-
ro BaroHa, 5KOHOMHS OT YCKOpEHHs 000poTa
CPEACTB, SKOHOMHSA 32 CUET CHMKEHHUS cebecTou-
MocTH TnepeBo3ok. Ha puc. 3 mpeacraBieHo pac-
MpENEICHUE OXKUIAEMOM CyMMapHOH HSKOHOMMHU
NIpY Tepexoie K 3JIEKTPOHHOMY AOKYMEHTO00O0PO-
Ty, oOecreunBaeMoil HEUCUUCIsIEMBIM 3 dexTom.

Hevuciaemnaa
IKOHOMUA
MAMEPUATLHBIY
cpeocme
25%

Heyueaaemaa
IKOHOMUA
cpeocine 3a
c4ém
CORPAIEHUA

epenteHu
L)
/7o

Puc. 2. Jlnarpamma pacnpeziesnieHust 0XKuJaeMoil CyMMapHOI SKOHOMUH OT IIepexoa
K 3JISKTPOHHOMY JIOKYMEHTO000pOTYy

Fig. 2. The distribution diagram of the total expected savings
from electronic workflow change-over
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Tab6numa 1

CyMMmapHas 0xkujaeMas rogoBasi IKOHOMUSI OT Nepexoa HAa 3JIeKTPOHHBIH JOKYMEHT0000poT, GeJi. pyo.

Table 1
The total expected annual savings from electronic workflow change-over, Belar. rub.
CymMma, MJIH
HaumenoBanue mporao3Horo 3¢ pexra -
min max
HcuucnsiemMasi 5KOHOMUS CPEJICTB MepeBO34YHKa 14 898,70
KJIMEHTOB 5 298,66
Hcuucnsiemasi 5KOHOMUS CPEJICTB NepeBO3YHKa 1642,18 6 568,70
3a CUET COKPALICHHsI BpEeMEHU
BBINOJIHEHUS OTepaLHil KJIMEHTa 328,44 1970,61
Hewucuuncnsemsrii adpdexr yBEJIMYEHUE NPUOBLIH 24 203,62
yCKOpeHHe 000poTa rpy30BOro 1978.95
BaroHa '
YCKOpEeHHE 000pOTa CPeCTB 8121,71
CHIDKEHHE ce0eCTOMMOCTH TIepe- 20984, 48
BO30K '
HUroro 77 456,31 84 025,01
Vexopernue Veropenue
o6opoma obopoma
2P1308020 cpeocme
8a20Hd 15%

%

Veeauvenue
npudsiiu
38%

CHuoceHUe

cebecmouMocinu

11epeso3oxr
442

Puc. 3. Jluarpamma pacrnpeeneHus 0xKuIaeMoil CyMMapHOH SKOHOMUH OT Hepexoa
K DJIEKTPOHHOMY JIOKYMEHTOO0OPOTY 3a cueT HeucuucisieMoro 3ddexra

Fig. 3. The distribution diagram of the total expected savings from electronic workflow
change-over by means of non-count effect

JHuarpamma (puc. 3) Mo3BOJISET CACNaTh BHIBOJ
0 ToM, uTo okosio 80 % Heuncuucisemoro ¢ dekra
COCTABIISIIOT YBEIUYCHUE MPHUOBIIM OT MPHUPOCTA
00BEMOB TPY30BEIX MEPEeBO30K U 3(P(HEKT OT CHU-
KEHHsI Ce0ECTOMMOCTH TEPEBO30K.

Takum oOpa3zoM, oxumaeMas CyMMapHasi KO-
HOMUS TIPH TIepexoJie K 3IEKTPOHHOMY JOKyMEH-

TOOOOPOTY MOXKET COCTaBUTh OT 77 456 muiH Oelr.
py6. mo 84 025 muH Gen. pyO., Ipu 3TOM A0S He-
ucuucnsiemoro addexra cocraBur 68 %, mu3z Hux
82 % 3a cueT CHWKEHHUS CEOCCTOMMOCTHU IEPEBO-
30K U YBEJIMYCHHUS IPHOBUIH OT MPpUpOcTa 00HEMOB
rpy30BbIX nepeBo3ok [13].
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Haquaﬂ HOBHU3HA U MPaKTHYECCKasA
3HAYUMOCTDH

PazpaboTanHas TEeXHOJOTHS pabOTHI KEJIC3HO-
JIOPOKHOTO  TPAHCIIOPTa OOIIEr0 IMOJIb30BAHUS
YUUTBIBAET wucnonb3oBanue AC «DIeKTpoHHas
MepeBO3Ka» Kak MHCTPyMEHTa ISl (hUKCAIHH MO-
MEHTa BBITIOJIHCHUS TEXHOJIOTHMYECKON OIepariu
W/ 3amosiHeHHUs JAOKYMEHTOB  TOCPEICTBaM
ANEKTPOHHO-NIU(POBON TOIMUCH, YTO ITO3BOJIIET
MEPEBECTH PsI TEXHOJOTHYECKUX IIPOIECCOB Ha
MPUHIUITHAIEHO HOBBIH YPOBEHB, CIIOCOOCTBYS
(hOpMUPOBAHUIO €MHOTO HH()OPMAIMOHHOTO TPO-
CTPAaHCTBA TPY30BBIX TIEPEBO3OK.

IIpuMeHeHne TMOTYYEHHBIX pE3yJIbTaTOB IIO-
3BOJIUT: CHHU3UTH M3ACPKKHU TPYy300TIpPaBUTENCH,
Tpy30I0iyJaTened, Kele3HOH JTOPOTH, MOBBICUTH
MPOU3BOJAUTEIHLHOCTh TPY/A, IIEHOBYIO KOHKYPEH-
TOCIIOCOOHOCTh  YKEJIC3HOIOPOKHOTO TPAHCIIOPTA
M KauecTBO NPEJOCTaBISIEMBIX YCIYT, CO3IaTh
enmHoe WH(GOPMAIMOHHOE IPOCTPAHCTBO M, Kak
CIIEJICTBHE, YJIYUIINTh Ka4eCTBO paboThl ¢ HHGOP-
MAaIMOHHBIMU TIOTOKaMH U JIOCTYI K WH(opMarmu
JUISI BCEX YIACTHHKOB TIEPEBO30YTHOTO IpoIiecca.

BriBOaBI

HauGonee BaxHbIMU HaNpaBICHUSIMU COBEp-
IICHCTBOBAHUSI TEXHOJIOTUW PaOOTHI OpTraHU3alnit
benopycckoii jkene3Hoil JoOporu U UX B3auUMOJIE-
CTBUA C TPY300TIPABUTEISIMU U TPy30IOIyyaTe-
Jied 3a CUeT MPUMEHEHUS 3JIEKTPOHHBIX HOpUAnYe-
CKHM 3HAQUMMBIX JTOKYMEHTOB SBJISIOTCA: yIpOLIe-
HUE BEJEHUSA CTAaHIIMOHHON KOMMEpPUYECKON OT4YEeT-
HOCTH IO TPY30BBIM INEPEBO3KaM; aBTOMAaTH3aLIUA
BBIIIOJIHEHUSL PAJla TEXHOJOTMYECKUX OINEPALIUA;
COBEpIIICHCTBOBAaHNE B3aUMOJEHCTBUS JKEJIE3HO-
JIOPOKHBIX ITyTEH HEOOIEro MOJIb30BaHUS U CTaH-
UU{A MPUMBIKAHUS, YOPOIICHHE MPOLEAyphl IUIa-
HUPOBAaHUS MEPEBO30K U y4ETa BBIIOJIHEHUS 3as-
BOK; pealn3alus eIUHOro HH(POPMAIMOHHOTO
MPOCTPAHCTBA AJI1 BCEX YYACTHHUKOB IEPEBO30Y-
HOTO IpoLecca, CTPYKTYPHBIX MOAPa3AEICHUN 1e-
peBO3UHKA.

[Tepexon k 0e30yMa)KHOW TEXHOJIOTHH MEPEBO-
30K 3aTparuBaeT BCE ATAlbl OPraHU3ALMU MEPEBO-
3049HOTO TIPOIIECCa, MOATOMY MEPOIpPHUATHS IO ee
COBEPILIEHCTBOBAHUIO IOJKHBI KacaThCs HE TOJIBKO
AC «DnekTpoHHas TepeBO3Ka», HO M CMEXKHBIX
B3aWMO/ICUCTBYIOLIUX C HEH aBTOMATU3UPOBAHHBIX
CHCTEM.

Oxumaemas cyMMapHasi SKOHOMHSI MpU Tepe-
X0/ie K DJICKTPOHHOMY JOKYMEHTOOOOPOTY MOXKET
cocraButh 10 84 025 min Gen. py6./ron wiu 4 MiTH
JOJL/TOM, TIPH ATOM JI0JIsl HeUCUHCiseMoro 3ddex-
Ta coctaBuT 68 %, u3 xotoprix 82 % obecneunBa-
I0TCS  CHIDKEHHEM Cce0eCTOMMOCTH  IEepPEeBO30K
W yBEJIMYEHHEM TPUOBUTH OT MPUPOCTa 00HEMOB
TPy30BBIX IIEPEBO30K.
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YIOCKOHAJIEHHSI TEXHOJIOI'TI POBOTH
BLJIOPYCBKOI 3AJII3HUIII
B YMOBAX 3ACTOCYBAHHA EJIEKTPOHHUX JOKYMEHTIB

MeTta. B HaykoBili poOOTi HEOOXiTHO PO3TIISIHYTH yIOCKOHAJICHHS TEXHOJIOTIT pOOOTH 3aIi3HUYHOTO TPAHCIIOP-
Ty 3arajJbHOr0 KopuctyBaHHs PecrnyOsiku Biiopych B yMOBax 3acTOCYBaHHS €IEKTPOHHHUX HOPUANYHO 3HAUYIMX
nokyMeHTiB. Meroauka. ITpu npoBeneHHI TaHOTO JOCTIKEHHS MPOBOIUBCS 30ip CTaTUCTHYHOI iH(popMarii momo
TPHUBAJIOCTI BUKOHAHHS OKPEMHUX TEXHOJIOTIYHHX OMNepallii, OMiHKA CTATUYHHX JaHUX Ta aHAII3Y IX OMHCOBHX Xapa-
krepuctuK. [Ipu BH3HA4YCHHI €(EKTHBHOCTI 3aPOIMOHOBAHKMX 3aXOJ(iB BUKOPHCTOBYBAJIUCS METOIM CKCICPTHHUX
OLIIHOK, MeTou oliHKN edektuBHOCTI IT-iHBecTHwiil. Pe3yabTaTu. Po3risiHyTO TeXHONOrIYHI, anaparHi, mporpam-
Hi, OpraHizaiiiiHi Ta iHII acHEeKTH 3aCTOCYBaHHS €JIEKTPOHHUX FOPUIMYHO 3HAYYIIMX JOKYMEHTIB Y BaHTaXHIH Ta
KOMepLiiHii poboTi. Bu3HaueHo HaOULIBII BaXTHBI HAIIPSIMHU BIOCKOHAJICHHs TEXHOJIOTII poboTu opranizauiii bi-
JIOPYCBHKOT 3aJIi3HMII Ta TX B3a€MOJis 3 BAaHTa)KOBIIPaBHUKAMH 1 BAHTAXXKOOIEP’KyBauaMHK 33 PaXyHOK 3aCTOCYBaHHS
€JIEKTPOHHUX FOPUIUYHO 3HAYYIIUX MOKyMeHTiB. Ile: 1) crpoiieHHs BeJeHHs CTaHI[iHOT KOMEPLIHHOT 3BITHOCTI;
2) aBTOMATH3allisl BUKOHAHHS TEXHOJIOTIYHKMX OIepawiii; 3) yI0CKOHAIEHHs B3a€MOJIl 3ali3HMYHMX KOJIiil He3ara-
JBHOTO KOPUCTYBaHHS 1 CTaHI{iM IPUMHUKaHHS; 4) COpOLIEHHS POLENYPHU IIaHyBaHHS IIEPEBE3EHD Ta O0JIKY BUKO-
HAHHS 3asBOK; 5) peali3allis €IMHOro iH(GOPMALIHHOIO IPOCTOPY Ul BCiX YYACHHKIB IIEPEBI3HOrO Ipouecy. Po3-
paxoBaHa MPOTHO3HA OLlIHKA e€(hEeKTUBHOCTI BIIPOBA/PKEHHS EIEKTPOHHUX IOPUIAMYHO 3HAYYIIMX JOKYMEHTIB Y BaH-
TaXHIN Ta KoMepIiiHi poboTi binopycekoi 3amizauimi. HaykoBa HoBu3Ha. Po3pobiieHa nBOXBapiaHTHA MOMAEITH
3aCTOCYBaHHS €JIEKTPOHHOI'O HU(PPOBOTO MiJMUCY K THCTPYMEHTY AJIsl aBTOMATHYHOI (hikcallii MOMEHTY BUKOHAH-
Hsl TEXHOJIOT1YHOT omepaitii abo Uit BKa3iBKH 4acy ii 3aificHenHs. Lle 103Bosisie epeBecTr psiji TEXHOJIOTIYHUX MPO-
LeciB Ha NPUHLMIIOBO HOBUH DiBEHb, CIPHAIOYHM (POPMYBaHHIO €IUHOTO iHPOPMALIWHOTO MPOCTOPY BaHTKHHUX
nepeBe3eHb. 3alpOIOHOBAHA METOAMKA ITPOTHO3ZHOI OIIHKM €(QEeKTUBHOCTI €JIEKTPOHHOIO JOKYMEHTOOOIry Iuis
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YMOB 3aCTOCYBaHHs Ha 3ali3HHYHOMY TpaHcropTi. [IpakTuuHa 3nauynmicTh. OTpuMaHi pe3yabTaTH BHKOPHUCTO-
BYIOTBCS U (POpPMYyBaHHS MEPENIKYy 3aXO[iB, CIPAMOBAHUX HAa YJOCKOHAJCHHS TEXHOJOTII pOOOTH 3aJli3HUYHOTO
TPAHCIOPTY 3arajbHOTO KOPUCTYBAHHS B YMOBaX 3aCTOCYBAaHHS EJICKTPOHHHX IOPHIMYHO 3HAYYIIMX JOKYMECHTIB,
OITIHKHM iX 3HAYMMOCTI Ta €TamHOCTI peaiizamii Ha Binopychkkii 3ami3HuIi. 3acToCyBaHHS OTPUMAHHX PE3yJIbTaTiB
JIO3BOJIUTH 3HU3UTH BUTPATH BAaHTAXKOBIANPABHUKIB, BAHTAKOOICPKYBATIB, 3aTI3HUI; MIIBUAIIMTH MPOTYKTUBHICTh
Tparli, MiHOBY KOHKYPEHTOCHPOMOIKHICTh 3aJi3HUYHOTO TPAHCIOPTY Ta SKICTh HAJAHWUX MOCIYT. byae MOXIHNBO
CTBOPHUTH €IUHUI 1H(OOPMAIIHHAI MPOCTIP 1, SIK HACTIIOK, HOJIIMIIKTH SIKICTh po00TH 3 iH()OPMAI[IHHUMH [TOTOKA-
MM Ta JIOCTYII JI0 iH(popMallii 1Sl BCiX YYaCHUKIB IEPEBI3HOTO MPOIIECY.

Kniouosi cnoea: eneKTpOHHUI IOPUIMYHO 3HAYMMUI JTOKYMEHT; €JIeKTpOHHUI nnbposuil mignuc; binopyckka
3QTI3HUI; BAaHTaKHA Ta KoMepItiiiHa poboTa; AC «EjekTpoHHE epeBe3eHHs»; TEXHOJIOTiS poOOTH

M. M. KOLOSY, M. A. GONCHAR?**

¥Dep. «Management of Freight and Commercial Work», Belarusian State University of Transport, Kirov St., 34, Gomel,
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IMPROVING THE TECHNOLOGY OF BELORUSSIAN RAILWAY
IN CONDITIONS OF ELECTRONIC DOCUMENTS USAGE

Purpose. The scientific paper highlights improving the technology of railway transport in the Republic of Bela-
rus in conditions of electronic legally significant documents. Methodology. The study covered the collection of sta-
tistical data on the duration of separate technological operations performance, the evaluation of static data and the
descriptive analysis of their characteristics. When assessing the effectiveness of the proposed measures we used
methods of expert estimations, methods of evaluating the effectiveness of IT investments. Findings. Technology,
hardware, software, organizational and other aspects of electronic legally significant documents used in freight and
commercial work are determined. The work defines the most important directions of technology improvements at
Belarusian Railway entities and their relations with shippers and consignees through the use of electronic legally
significant documents. These directions are as follows: simplification of station commercial costs accounting, auto-
mation of technological operations, improving the interaction between the railway tracks and adjunction stations,
simplification of transport planning and demand performance record, implementation of common information space
for all participants of transportation process. The predictive estimate of efficiency for implementation of electronic
legally significant documents in freight and commercial work of the Belarusian railway is calculated. Originality.
This article presents a dual model of digital signature as a tool for the automatic fixation of technological operations
or for specifying the time for its implementation, which allows converting a number of technological processes to
a new level, helping to create a common information space of freight traffic. Practical value. The obtained results
are used to form the list of the actions directed on perfection of railway transport technology in conditions of elec-
tronic legally significant documents, assessment of their significance and phasing of their implementation on Bela-
rusian railway. The results of the project will allow: to reduce costs of shippers, consignees, railroads, to improve
productivity, cost competitiveness of railway transportation and quality services, to create common information
space and, as a consequence, to improve the quality of work with information flows and access to information for all
participants of transportation process.

Keywords: electronic legally significant document; digital signature; Belarusian Railway; freight and commer-
cial work; automated system «Electronnaya perevozka»; operation technology
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JOCJLIKEHHS BIVIMBY TEXHIYHOI'O CTAHY
I'AJIBMOBHX YIIOBIYIbHIOBAYIB
HA ITIEPEPOBHY CITPOMOKHICTb COPTYBAJIBHUX I'TPOK

Meta. HaykoBa poboTa Mae 3a MeTy po3poOKy METOJIIB pO3PaXyHKY IEpepOOHOiI CIIPOMOKHOCTI COPTYBATIBHUX
TipoOK Ui YMOB BTPaTH YHOBUIbHIOBAYaMHU T'ajbMOBOI MOTYXHOCTI. MeTtoanka. OyHKIIOHYBaHHS COPTYBaIbHUX
TipoOK MOB’5I3aHO 3 JI€F0 3HAYHOI KUJIBKOCTI BUNIAJIKOBUX (DAKTOPIB, TAKHX K. XapaKTEPUCTUKHU BIIYEIIiB, YMOBH 30B-
HIIIHBOTO CEPEIOBHIIA, BEIMUUHA TAJIBMOBOI MMOTY)KHOCTI, 110 PEali3yeThCs YIOBUIbHIOBAYaAMH, Ta iH. Y 3B’SI3KYy
3 UM JUISL JJOCIIJPKEHHS TTOCTaBJICHUX 33/1a4 BUKOPHCTOBYIOTHCS METOJM IMITAI[IfHOTO MOJEIIOBaHHS Ta MaTrema-
THUYHOI CTAaTUCTUKH. BU3HAUEHHS MIBHIKOCTI Ta yacy pyxXy BiJUEINiB IO MaplpyTax 3/iHCHIOETHCS Ha MiJCTaBl MO-
JICITFOBAHHS 1X CKOYYBaHHS 3 COPTYBaNBHOI ripku. Pe3yabTaTu. Y BUIAJIKY, SKIIO TaIbMOBOI IIOTYXKHOCTI yIIOBiNb-
HIOBaYiB CIIYCKHOI YACTHHH TipKW HEZOCTATHBO LIS 3yIMHKA HUMH BiIUEIiB, TO MiJ Yac pO3MyCKy IOBHHHI Iepe-
OagaTHCh TIepepBH IS 3BUIBHEHHS ITONEPEIHIMHU BigUenaMHd MaplIpyTiB CKOYYBaHHs. 3 BUKOPHUCTAHHSIM METOIIB
Teopii HMOBIPHOCTI BU3HAYEHI 3aJIS)KHOCTI, 10 JTO3BOJISIOTh BCTAHOBIIIOBATH TPHUBATICTh BKa3aHUX 3YIHHOK. Y BHU-
MaJIKy, SKIIO TaJbMOBOI MOTY>KHOCTI YIOBIJIBHIOBAYIB HA CITyCKHIM YaCTHHI TipKM Ta Ha COPTYBAIBHUX KOJISAX He-
JIOCTaTHBO JUIS BUKOHAHHS BUMOT MPHIUTBHOTO PETYIIOBAaHHA IIBUIKOCTI CKOYYBAaHHS BiUemiB, TO HEOOXITHO BH-
KOPHUCTOBYBATH JOJATKOBE OallIMayHe ralbMyBaHHS. B mocimipkeHHI po3po0iieHi METO T, SIKI Ha MMiICTaBi iMiTaIii-
HOTO MOJICJTIOBaHHS COPTYBAJILHOTO MPOIIECY J03BOJISIOTH BCTAHOBIIOBATH MOTPIOHY BEJIMUMHY 301IbIICHHS TPHBA-
JIOCTI PO3MYCKY, 10 3a0e3mneuye Oe3neKy pyxy HpH 3aJaHii KiTBKOCTI PEeryIrOBaIbHUKIB MIBUAKOCTI PyXy BaroHis.
HaykoBa HoBu3Ha. B poGoTi aBropamu Breplie 3apoloOHOBAHI YAOCKOHAICHI METONM BU3HAYCHHS NEPEPOOHOT
CTIIPOMOYHOCTi COPTYBaJIBHUX TipOK. IX 0COGIHMBICTH y TOMY, 110 BOHHM (Ha BiJMiHYy BiJ iCHYIOUHX) J03BOJISIOTH
BpaxOBYBaTH TEXHOJIOTTYHI OOMEXEHHS, 10 BUKJINKAHI BUMOTaMH O€3IeKH COPTYBAJIBLHOTO TPOIECY, 1 MOXYTh 3a-
CTOCOBYBaTHCh JUIsI OIIHKK ITOKa3HWKIB POOOTH TipOK B yMOBaxX IapaMETPUYHHUX BiMOB VIIOBiIHHIOBAUIB.
I[pakTnyHa 3HAYUMICTB. 3aCTOCYBaHHS 3aIPOIIOHOBAHUX METO/IB JJO3BOJISE IS ICHYIOUUX 00CATIB poOOTH OIli-
HIOBaTH BIUTMB HECIPABHOCTI YIOBUTFHIOBAUIB Ha MOTIPIICHHS MTOKA3HUKIB pOOOTH COPTYBAJIBHUX TipOK.

Kntouosi cnosa: copryBanbHa Tipka; BATOHHUHA YIOBUIBHIOBAY, Oe3MeKa pyxy IOi3/diB; COPTYBAaIbHHUU IPOIIEC;
nepepoOHa CIIPOMOKHICTP TipKU

Beryn [18] Ta 3ampoBamkeHHsT 0OMEKEHs HA YMOBH PO3-
(hopMyBaHHS COCTaBiB Ha COPTYBAJBbHHUX TipKax
[14, 16]. [Ins YkpaiHu XapakTepHHUM € YTBOPCHHS
MEBHUX PE3ePBiB MEPEepoOHOI CIIPOMOKHOCTI Uepes3
pi3ke MmaaiHHSA OOCSTiB BaroHOMOTOKIB 3 OJHOTO
O0OKy Ta HE3aIOBUIRHUI CTaH TEXHIYHUX 3ac00iB
— 3 iHmoro. Excryarariis TexHivHEX 3ac00iB cop-
TYBaJIbHUX TiPOK Yy 3HAYHIA KITBKOCTI BHIIAJKiB
BiIOYBa€eThCs B «3aXHUICHOMY» pexkumi [9], komm
3a0e3mnedeHHs O€3NeKd pyXy 3MIHCHIOETHCS MUISI-
XOM 3alpoBa/DKEHHS MEBHUX EKCIUTyaTalliifHuX

CopTyBaJIbHI TipKH € MiclleM TiJBHIIEHOI He-
Oesrexkn Ha craHUifax. ToMmy wil mpobieMi mpu-
CBsIYUCHA 3HAYHA KiJBbKICTh HayKOBUX mpanb. [lepe-
Ba)KHA KUIBKICTh MOpPYIIeHb OE3MEeKH pyXy Ha Tip-
Kax TOB’S3aHa 3 PErYJIIOBAHHSIM IIBUAKOCTI CKO-
gyBauusa Bigdermi [11, 16]. Sk ocHOBHI 3axo.H,
10 3a0e3MeYyI0Th IMiIBUIICHHS Oe3MeKN COpTyBa-
JBHOTO TIPOIECY, Ha CHOTOJAHI PO3IIISNAIOTH YIO-
CKOHAJICHHSI KOHCTPYKLIi COPTYBaJBHHX TipOK
[1, 13], aBromaru3aiio po3hopMyBaHHs COCTaBiB
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oOMexenp. HeoOXiTHO BiAMITHTH, IO €KCILTyaTa-
sl TEXHIYHUX 3ac00iB B TAKOMY CTaHi IPU3BOIUTD
10 30UIBIICHHS eKcIuTyaTaniiHux. ToMy akTyals-
HOIO 3aJa4ei0 Ui 3ali3HUYHOTO TPAHCIIOPTY
VYkpaiHd € BCTAaHOBJEHHS 3B’A3KiB MiIX CTaHOM
TEXHIYHUX 3ac00IB COPTYBAIBHUX TIPOK Ta TEXHi-
KO-eKCIUTyaTalliiHIMH TTOKa3HUKaMH iX (yHKITIO-
HYBaHHSI.

OpHi€l0 i3 OCHOBHHX TEXHIYHHUX XapaKTepHC-
THK COPTYBaJIbHHX TIPOK € iX mepepoOHa cripoMo-
xHicte [3, 6, 15]. Po3paxyHok mepepoOHOi crpo-
MOJKHOCTI COPTYBAJIBHUX TIPOK Ha 3al3HHALAX YK-
paiiHu 3rigHo 3 [6] BUKOHYETHCS 32 HOPMYJIIOI0

m
_ rip
N = MnBTan,ibp,i + Nnom"
i=1

ze N, bp — BIAMOBIAHO, MepepoOHa CIPOMOK-

HICTb TIPKH JUTS MOT3IB 3 i-TO MiIX0My Ta CePeIHS
KUIBKICTh BaroHiB y HHUX; M — KiUIBKICTh MiJIO-
IiB, 3 AKX IOI3I1 HAIXOIATh Y Po3(OpMyBaHHS;
W, — KOe]ilieHT, 10 BPaxoBy€e OBTOPHE COPTY-

BaHHs YAaCTHHH BaroHiB y Ipoleci 3akiHueHHs ¢o-
PMYBaHHS 3 TipKH 1 Yepe3 HEJOCTATHIO KIIBKICTh

Ta JOBXHHY COpPTyBajbHUX Komii; NP - kims-
KICTh MICIIEBUX BaroHiB 3 KOJili PEeMOHTY, KyTO-

BUX, BArOHHOT'O JICTIO Ta 1H., SIKi PO3MyCKAaIOThCS 3a

qac Y7ot D T
TATOM 100W BUKOHAHHSM TIOCTIHHHMX OIleparlii,
KUTBKICTh SIKHX HE 3MIHIOETHCS MPOMOPIIHHO 3i
301MBLICHHSIM 00cATY TepepoOku abo KibKICTh
SKHX 38JIa€THCS HA PO3PaXyHKOBUII MEPioI.

3riguno 3 [3] BKasaHwmii BHpa3 MOXKe MaTH BH-
IS

— gac 3aiitMaHHS TipKH TIPO-

14'400Lrip - Tnl;io}c)r ri
= mc + NHOS:T '
tripasaﬂ (1+ pr )

Je M, — cepeaHs KiTbKICTh BaroHiB B COCTaBi;

O, — KOe(]ilieHT, 0 BPaXOBY€ NOAATKOBI BH-
TpaTH 4acy, HOB’si3aHi 3 3aHATTSAM MEPEAripKoBOI
TOPJIOBUHHM TOI3HUMH Ta MaHEBPOBUMH Iepecy-
BaHHSMH, IO 3JICKATH Bill 00CATY ITePEPOOKH.

Bennuuna t;, ams MexaHi30BaHHX Ta Hemexa-

HI30BaHUX COPTYBaJIbHUX TIpPOK, J€ MPAIIOe OIUH
JIOKOMOTHB, PO3PaxOBY€ETHCS 32 BUPA30M

qu) =t, +t, +tp e H o

met,t,t, t ,t —TpuBamicTh 3ai3my, TpuUBa-

3 H p?! “oc! “mon
JICTh HACYBY, PO3IYCKY, TPUBAIICTh OCAIKYBaHHSI
Ta JIOAaTKOBUX OMepalliii BiAMOBiIHO.

[l Tipok, Je mpaioe JeKiibKa JIOKOMOTHBIB,
BEIMYMHA 1, BU3HAYAETHCS 3a Pe3y/IbTaTaMH I10-
OyIOBH TipKOBOTO ITMKJIY, a caMe. JacTHHA Iepe-
JYEeHUX BHIIE OIepaliii BUKOHYETHCS TOCTiIOBHO,
a YaCTHHA — MapaJieNbHO.

TpuBanicTh TipKOBHX OIepaliii BU3HAYAETHCS
3a [10] srigHO 3 MapamMeTpaMu MapHIPYTiB PyXy Ta
KUTBKICTIO BaroHiB y cocrasi. [Ipu mpomy 0Oe3mno-
CepelHs TPHUBAIICTh PO3IMYCKYy COCTaBa BHU3HAua-
€ThCsI 3a popMyIIoro

_0,06myl, (1

v 1- 29 +b3crt(K3cr)’ 2)

p p

p

Ae m,, g, —cepenHs KUJIBKICTH BaroHiB Ta BIAYEIIIB

y COCTaBi, 0 PO3(OPMOBYIOTELCS BiAIIOBITHO; |p -

CepeHsl NOBXKHMHA BaroHa; V, — CEpelHs MIBUI-

KICTh PO3IIyCKYy cocTaBa 3 TipkH; Dy — 4acTka

COCTaBIB 3 BaroHam#, IO 3a0OpPOHEHI O CITYCKY
3 ripkn 6e3 snokomormBa (3CIY), Bim 3aranbHOI
KiJIBKOCTI  cOcTaBiB, M0  po3(opMOBYIOTHCS,

t(Kyer ) — 101aTKOBHMIL Yac Ha MAHEBPH 3 BaroHa-

mu 3CI, mo npunagaroTh Ha OJUH COCTaB 3aJICK-
HO BiJl CepeHbOI KUIBKOCTI I'pyl TakuX BaroHiB
y coctaBi Ks.p.

Ilpuntuny 3a0e3nedeHHs Oesreku po3dopmy-
BaHHS COCTaBiB MOI3/iB B yMOBaxX MapamMeTpUIHOT
BiJIMOBU YIOBiJIBbHIOBauiB BUKIaneHi y [16]. do-
TPUMaHHS BUMOT O€3MEeKH pyXy IMpH [BOMY Iepe-
B)XKHO JIOCSTAETHCS 32 PAXYHOK 3HIDKCHHS TEMITY
PO3MYCKY Ta 3aCTOCYBaHHI OAIlIMayHOTO PeryJIto-
BaHHsI [IBUJKOCTI CKOUYBaHHS BiAYEmNiB Ha COPTY-
BaJIbHHUX KOJIIfX.

HemomikoM cy9acHHX METOIIB PO3PaxyHKY IIe-
pepoOHOT CIPOMOXKHOCTI TIpKH € Te, IO B HHUX
HE BPaxOBYETHCS CTaH TEXHIYHUX 3acO0IB COPTY-
BaJILHOI TipKH 1 ii (hyHKIIOHYBaHHSI B YMOBax TeX-
HOJIOTIYHUX OOMEXeHb i 3a0e3ledeHHs BUMOT
0e3neku pyxy.

Merta

Mertoto po6oTH € po3poOka METOIIB PO3PaAXyH-
Ky TepepoOHOI CIPOMOXKHOCTI COPTYBaJbHHX Ti-
POK Uil YMOB BTpaTH YNOBiJIbHIOBaYaMHU rajbMO-
BOI ITOTY>KHOCTI.
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MeTtoauka

TexXHONMOTIYHUMHU OOMEKEHHSMH, IO HaKIa-
JAIOTHCS Ha TIporiec po3hopMyBaHHI-(DOPMYBaHHS
MOT3/11IB € OOMEKEHHSI IIIBUIKOCTI PO3IYCKY COCTa-
BiB, IPU3YNUHEHHS PO3IMYCKY Ta OpraHi3allis cKo-
JyBaHHS HACTYITHOTO Bifdemna IiCisS 3BUIPHCHHS
MapHIpyTy TONEpenHiM, JONATKOBE TallbMyBaHH:I
BiJ{YCIIIB TaJbMOBHMH OallMaKkaMd, BHKOHAHHS
MaHEeBpPOBOI pPOOOTH 3 OCAPKyBaHHS, 3aKPUTTSI
OKpeMHX KONkl s posmycky [16]. dyHkmioHy-
BaHHS COPTYBaJbHUX TIPOK IOB’S3aHO 13 [i€r0
3HAYHOI KINIBKOCTI BUMAIKOBUX (AKTOPIB, TaKHX
SIK XapaKTePUCTUKHA BiTUEIiB, YMOB 30BHIITHHOTO
Cepe/IOBHINA, BEIMYMHU TaJbMOBOi IOTY>KHOCTI,
0 peami3yeThCsd YIOBUIRHIOBaYaMHM Ta  iH.
VY 3B’s3Ky 3 UM IS JAOCHIPKEHHS TOCTaBICHUX
3aJa4 BUKOPUCTOBYIOTHCS METOIM IMITAIIHOTO
MOJENIOBAaHHS Ta MaTEeMaTU4HOI CTaTHUCTUKU. Bu-
3HAaYeHHs MIBUJAKOCTI Ta Yacy pyXy BiuemiB IO
MapmipyTax 3MIHCHIOETHCS Ha TIACTaBI MOICIIO-
BaHHS CKOYYBaHHSI iX 3 COPTYBaIbHOI T'ipKH.

PesyibTarn

OOMeXeHHS MIBUIKOCTI CKOYYBaHHS BiIYeIIiB
JTO3BOJIsIE 3a0e3meunT Oe3mneKky mnporiecy po3dop-
MyBaHHS-(hopMyBaHHS NIPU HE3HAYHIiN BTpaTi ymo-
BUIBHIOBaYaMH TaJIbMOBOI HOTY)KHOCTi, B YMOBaX,
KOJIM 3JIMIIKOBOI TOTYXHOCTi YIOBUIEHIOBAYiB
JOCTaTHBO IJIi BHUKOHAHHA BHUMOT MPHLIJIBHOTO
peTryIIIOBaHHS IMIBUIKOCTI CKOYYBAaHHS BiTYelliB Ta
3YIMUHKA BiMYENiB HA APYTIA TaabMOBIH ITO3MIIII.
Po3paxyHok nepepoOHOi CIPOMOXKHOCTI cOpTyBa-
JBHOT TIPKH B I[bOMY BHIIQJIKy BHUKOHYETBHCS IS
JIOTTYCTUMOI TIBHAKOCTI PO3IMYCKY 3TiMHO 3 Mif0-
Y010 METOTHKOTO [6].

VY BuManaKy, KoM MOTYXHOCTI YHOBIIbHIOBAYiB
Ha CITyCKHil 9acTWHI TipKH pa3oM 3 YIOBUTHHIOBA-
JaMH Ha COPTYBAJbHUX KOJISAX JOCTATHBO IS BH-
KOHAaHHSI BUMOT MPULUILHOTO PEryJIIOBaHHS ILBH-
JIKOCTI CKOYYBaHHS BiTYelliB, alleé HEJOCTaTHbhO
JUISL 3YyITIMHKY BaroHiB Ha JPYTid TalbMOBIH MO3HU-
i1, TO BUHUKAIOTh 3arpo3u IJisi Oe3MeKH pyxy MpH
3YNHHILI BiT4eMiB Ha CTPUIOYHIN 30HI abo TpH He-
3aKOYyBaHHI 1X 3a TPaHWYHI CTOBIYUKH COPTYBa-
JBHUX KoOJik. [l HemomyuieHHS HeOe3MmeyHux
CUTyalill B TAaKOMY BHIIAQJKY CKOYYBaHHs HaCTyI-
HOTO BiJuena IOBHHHO IOYMHATHCH JIMIIE TOI,
KOJIM TIOTIEpEAHIMH BimderiaMu TIOBHICTIO 3BiTbHE-
HO MapumpyT ix pyxy. IIpouec po3dopmyBaHHS

COCTaBa Moi3/la MOXKHA PO3IIIAAATH SIK CYKYIHICTb
mporeciB po3opMyBaHHS OKpEeMHUX TPyl Bimde-
miB. Ilomim cocTaBiB Ha TpymHu BigOyBaeThCA
y 3B’SI3KY 3 HasBHICTIO y HUX BaroHiB, CITyCK SIKHX
yepe3 Tipky Oe3 JOKOMOTHBa 3a0opoHeHHH [5].
[Ipn 11bOMy CITyCK 10 COPTYBAJBHOTO NMApKy BKa-
3aHUX BAaroHiB He TMOTPeOye PEryytoBaHHS MIBH[-
KOCTI YIOBUIbHIOBaYaMH 1 TaJIbMOBUMH OarmMaka-
mu. Kpim Toro, rmpu oOCIyroByBaHHI TakuX Bigde-
B HA COPTYBAJIBHIN TipIli CTBOPIOETHCS IHTEPBAI,
IOCTATHIN IS MIATOTOBKH Ii TEXHIYHUX 3ac00iB Ta
HepcoHaly Juisi Oe3MeYHOr0 CKOYYBaHHS HACTYI-
HOTO Bigderra. ToMy mix gac po3dhopMyBaHHS COC-
TaBiB 3yMUHKA BiYEIiB TaJbMOBHMHU YHOBLIBHIO-
BayaMH Ha CIYCKHIH YacTHH TipKH uepe3 3aiHs-
TICTh MapHIPYTiB CKOYYBaHHS 3JiHCHIOETHCS
He I BCiX BigyemniB. TeXHOIOrIYHO BUHUKHEHHS
HeOe3MeuHnX CUTYyallil, 110 BUMAararoThb Takoi 3y-
NIMHKY, € HEMOKJIMBOIO JUISl EPIINX Bi4eriB coc-
TaBa, BiAYEINiB 3 BaroHaMd, O[O0 3a0OpOHEHO M0
CIIyCKY 3 TipKu 0€3 JIOKOMOTHBA, Ta BiAYEHiB, 110
CITIYIOTh 32 HUMH. TakoX MpH CKOYYBaHHI Bifde-
B y Pi3HI MMyYKHA COPTYBAJILHOTO MapKy MIX ITO-
CIIIIOBHMMH Bi4eraMu, SIK CTBOPIOETHCS JIOCTAT-
Hill iHTEpBaja Yacy Ui MapupyBaHHA HEOE3MEUHUX
CUTyallil 3a paXyHOK TIepeBEICHHS BilUemiB Ha
BiACIBHI KOIil.

VIMOBipHiCTb PO3/IiTeHHs BilyeniB Ha cTpinoy-
Hill TO3UIIiT 32 YMOBH, IO KOXKHA CTPLIIKAa Ma€ OJI-
HaKOBY KUIBKICTh KOJIIH TPH BiIXHJICHHI BJIBO Ta
BIPaBo, MOXe OyTH BU3HAUeHa PopMyJIoio [2]

P=252/M(M -1),

e S — KiTbKICTh KOJiH, 10 MPUMHUKAE A0 OTHOTO
HaNpsIMKY CTPUIOYHOTO NepeBoy; M — KITBKICTb
KOJIi B COPTYBaJIbHOMY TIApKY.

TpuBamicTh 3aHATTA BiTdemaMH MapIIPyTiB
CKOUYBaHHS MOXXe OyTH BHU3HAu€Ha 3a CEPEIHBOIO
HIBUIKICTIO PyXy MO OKpEMHX AUISHKaxX COpTyBa-
JbHOI Tipku [4] 3a Bupaszom

e i, v,

. — JIOBKMHA Ta CEPeIHs IIBHIKICTH PyXy
Bifuera Ha i-# IINAHIN CKOYYBaHHS BiAITOBIIHO;

|,, — BifcTaHb BiX BEPUIMHU TIPKHU O TOYKU 3Bi-

3B

JBHEHHS pO31IiioBoi cTpiiku; | . — cepemus mos-

Bix
JKVHA Biqyena.
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Sk mpuknazg, y tabn. 1 HaBemeHO XapakTepu-
CTUKM MapHIPyTiB CKOYyBaHHS BiJUemiB Ha
TPHOXMO3MILIKHIA  cOpTyBalbHIA Tipmi 3 32
KOJIISIMH Y COpPTyBaJibHOMY mapky. [lyukoBa raib-
MOBa TO3UIIisl Ha BKa3aHilM Tipli poO3TalIOBY€ETHCS
3a IPYTUMH CTPUIKAMH 110 MapIHIPYTy CKOYyBaHHS.
CepenmHsi KINBKOCTI BaroHiB y Biguyerli cocTaBa
ckiagae 2,5.

Taonums 1

XapaKTepuCTHKH MAapUIPYTIiB CKOYyBAHHS
Table 1

Rolling-down routes characteristics

Ne crpino- ImoBipHICTB JloBxuHa TpuBanicTs
YHO{ TOo- PO3ieHHs MapLIpyTy 3aUHATTS
3umii Biguenin MapIIpyTy
1 0,516 - -
2 0,258 - -
3 0,129 219,15 0,75
4 0,065 243,12 0,83
5 0,032 291,37 1,00

MarematuyHe OYiKyBaHHS 4acy 3aTPUMKH PO-
3MyCKy Tepe]l CKOUYBAaHHIM Biquerna BU3HAYAEThCS
3a opmyIoro

3aneXHiCTh CepeqHBbOl KINBKOCTI  BiTYeIliB

y COCTaBi, I SKUX TIOBHHHA 3MIIHCHIOBATHCS 3a-

TPUMKa PO3MYCKY, BiJI CepelHbOi KiJIBKOCTI Bigye-

MiB y COCTaBi Ta CEpeAHBOI KITLKOCTI BiUeIiB, 110

3a00poHEHI 10 CITyCKy 3 TipKH 0e3 JIOKOMOTHBA,
HaBezleHa Ha puc. 1.
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Puc. 1. 3anexxHOCTI KITBKOCTI BiTYETIiB ¥ COCTaBI,
1110 BUMArarTh 3aTPUMKH MEPE PO3IMYCKOM
BiJl cCepeIHBOI KiJIBKOCT] BiIYEIIiB ¥ COCTaBi

Fig. 1. Dependences of the cuts number in the train
that require a delay before breaking-up
on the average humber of cuts in the train

301IbIIEHHS] TPUBAJIOCTI pO3QOpMyBaHHS COC-
TaBa MpH [[bOMY MOKe OyTH BH3HAUEHO SIK

T3p = n3€ '

Je N, — KUTbKICTh 3yNIMHOK PO3ITYCKy COCTaBa.

Juist po3riisiHyTOl Y MPHKIAi TipKH TP cepel-
Hilf KUTBKOCTI BiueniB y cocTaBi 22 Ta Ipu 3HaXO-
JDKEHHI B CEPETHBOMY Y COCTABIiB OJTHOTO Bimuemna,
110 3a00pOHEHUH 70 CIYCKY 3 TipKu 0e3 JIOKOMO-
THBA, JOJATKOBUH Yac Ha PO3IYCK COCTaBa CKJa-
nae 3,5 xB.

VY BHINAJAKY, KOJU MOTY>XHOCTI TalbMOBUX TIO-
3MLIHI HA CITyCKHIN YaCTHHI TiPKH Ta COPTYBaIbHUX
KOJIIIX HEJOCTATHhO JJIsi 3a0e3MeYCHHS BHUMOT
MIPHUITUTBHOTO PEryJIIOBaHHS MIBUIKOCTI CKOYYBaH-
HS BIJYENIB HAa COPTYBAJBHUX KOJNISIX, HEOOXITHO
3aCTOCOBYBATH JIOJIaTKOBE OalllMayHe TajlbMyBaH-
Ho. [Ipn miboMy TOTPIOHO BIAMITHUTH, IO MEXaHi-
30BaHi COPTYBaJbHI TipKH HE MalOTh JOCTATHHOTO
HITAaTy PEryJIIOBAILHUKIB JIJIs 3a0€3MCUYCHHS Tallb-
MyBaHHS BigueriB. ToMy iHTEHCHBHICTh HaJIXoO-
JUKSHHST BIMUENiB HAa COPTYBAJIBbHI KOJIi TOBHMHHA
OyTH 3HW)KEHa AJIS TOro, 00 BOHA HE IEePEBUILY-
Baja IHTEHCHUBHOCTI iX OOCIYrOBYBaHHS PEryIIO-
BaJIbHUKaMH IIBUAKOCTI PyXy BaroHiB. Y pasi Io-
TpeOH MmijJ Yac pO3MYyCKy MOBHHHI CTBOPIOBATHUCH
nepepBU I TOTO, MO0 PEryoBaJbHUKN MEPEXo0-
JIVITA 3 OJTHIET KOIIiT Ha 1HITY.

[Mpu mocnikeHHI MPUIUIBHOTO PETYJIIOBaHHS
HIBUAKOCTI CKOYYBAHHS BiJ4emNiB rpyma KoJii, Mo
00CTyrOBY€EThCS OJHUM PETYJIIOBATLHUKOM IIBH/I-
KOCTI pyXy BaroHiB, MOXe PO3IVIAIATHCH SIK OIHO-
KaHaJbHA CHCTEMa MAacCOBOTO OOCIyroByBaHHS
(CMO). Bxianwuii otik miei CMO cTBOPIOIOTH Biji-
YelH COCTaBa, MO HAJAXOIATh Ha COPTYBAIBHI KOJIii.
Amapatom 00CIyroByBaHHS IIPH I[OMY € PETYITIO-
BIBHMK IIBUAKOCTI pyXy BaroHiB. Ilig oOcmyroBy-
BaHHSAM PO3YMI€ThCS TATbMYBaHHS PEryJIOBABHU-
KOM Biyera raibMOBUMH OalliMaKaMH.

JocmimKkeHHs] IHTEHCUBHOCTI HaIXOKCHHS Ba-
TOHIB B OOCITyTOBYBaHHSI MOXe OyTH BHKOHaHO Ha
MiACTaBl IMITAIHHOTO MOMEIIOBAHHS IIPOIECY
po3dopMyBaHHsI cocTaBiB. TpUBajIOCTI CKOYyBaH-
HS BIJYENIB 3aJIeXkaTh BiJ{ MBUIKOCTI PO3IYCKY,
PEKUMIB TAIbMYyBaHHS, XOJIOBHX XapaKTEPUCTHK
BiJlUeNiB Ta KoJil iX nmpu3HaueHHs. ['icrorpamu Ta
(GYHKUIT IITBHOCTI PO3MOALTY 1HTEpBaNiB MK Ha-
IIXO/PKEHHSM BimT4eriB B 0OCITyroByBaHHS IPHU 4O-
THPHOX Ta BOCBMH KONISIX y Tpymi HaBeAcHI Ha
puc. 2.
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Puc. 2. T'icrorpamu Ta $yHKIIT IIITBHOCTI pO3MIOIUTY
BHIIAIKOBOI BEJTMYMHH IHTEPBAIIB MK HaIXOKCHHAM
BiTYEIIiB B OOCITyTOBYBaHHS PETYIIOBATEHUKAMHU
IIBUAKOCTI PyXy BaroHiB:

a — peryJoBaJIbHUK 00CIyroBye 8 Kourii;

6 — peryJroBaibHUK 00cIyroBye 4 Komil

Fig. 2. Histograms and functions of density distribution
of the random ranges of intervals between cuts delivery
to the service by regulators of car motion speed:

a — regulator serves 8 tracks; b — regulator serves 4 tracks

CratuctuyHa o0poOKa pe3yJbTaTiB MOJEINI0-
BaHHS MOKa3ye, 10 BUITAIKOBA BEINYMHA IHTEpBa-
Jy MDK HaJIXOIUKEHHSM BiIYEmNiB JI0 peryJOBab-
HHMKa Ma€ MOKa3HUKOBUH PO3IOJILIL.

JInst BU3HAYEHHS TPUBAJIOCTI 3aHATTS PETyJIIO-
BaJIbHMKAa OOCIIyTOBYBaHHSM OJHOIO Biguera BHU-
KOHAHO XPOHOMETPaXK BiAMOBiAHOI TEXHOIOTIYHOL

omepauii Ha craHuisx JIeBiB Ta Knemapis. 3a pe-
3yJIbTaTaMU XPOHOMETPAXy BCTAHOBIICHO, IO Ce-
PEIHS TPUBATICTD 3aHSATTS PETYINIOBAUIFHHUKA Tallb-
MYBaHHSM BiJUeNiB Ha COPTYBaJbHIH KOJII MOXe
OyTH BH3HAUEHA 332 BUPA30M

t,,, =0,06+0,2m

Big !

ae My, — CepelHs KiIbKICTh BarOHiB y BiI4eri.

[HTepBaANT MidkK HaIXOIKEHHSIM BiTUeIliB Ha KO-
Jiii, Mo OOCIYrOBYIOTHCS OIHHMM PErYJIHOBaIbHH-
KOM, € BUTAJAKOBOIO BEJIMYHNHOIO, KA 3aJIE)KUTH BiJl
MIBUIKOCTI PO3MYCKY COCTaBa, PO3IIOAUTY BiTUeIiB
3a MPHU3HAYCHHSMH, KUTBKOCTI PEryJIOBaJbHUKIB
Ta PO3MOAINY COPTYBaIbHUX KON MiX HHUMH,
TPUBAJIOCTI PYyXy BiAUENiB MapmIpyTaMH CKOYY-
BaHHA. Sk mpukian, Ha puc. 3 HaBeleHO rpadik
HAJXOJPKEHHS BiA4emiB B OOCIyroBYBaHHS pery-
JOBaJbHUKAMH, KOJIM COCTaB CKJIAJIAEThCS 3 Baro-
HIB MpHU3HAYeHHsAM Ha komii 1-16, ski o0cayroBy-
I0TBCSI YOTHPMa PETYITIOBATbHUKAMH.

AHami3 mporo rpadika mokasye, IO MpH piB-
HOMIPHIH MBUAKOCTI PO3MYyCKy OyayTh MaTH Mic-
1le BUMAJKH OJHOYACHOTO HaIXOKCHHS J0 pery-
JIFOBAJIBHUKIB NIBUAKOCTI BigueniB 6 ta 8, 7 Ta 9,
16 ta 17, a takoxx 14 ta 21. JIns 3a0e3rnedeHHS
0e3nmeyHnX yMOB Po3(GOpMyBaHHS COCTaBa He00-
X1IHO BUKOHYBAaTH MPHU3YIHHKY pO3MycKy. TpuBa-
JICTh TIEPEPBU Yy PO3MYCKY BU3HAYAETHCS MOTPIO-
HUM YacOM ]ISl CTBOPEHHS JOCTaTHBOTO iHTEpBAILY
MIX MOMEHTaMM HaJIXOJPKEHHS BIT4eIiB JI0 pery-
JIIOBaJIbHUKIB IIBUKOCTI, @ TAKOX 4acOM, MOTPiO-
HUM 711 HaJaHHS KOMaHAW Ha TIOHOBIIEHHS PO3-
MYCKYy, COPUHHATTS 1i MalIMHICTOM Ta PO3TOHY
cocTaBa.

m

Puc. 3. I'padix HaaxomKeHHS BiqUeliB B 00CIyroBYBaHHs peryJIrOBaJbHUKAMH IIBUIKOCTI BArOHIB

Fig. 3. The graph of cuts delivery to the service by regulators of car motion speed
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Puc. 4. MomudikoBanuii rpadik HaAXOHKEHHS BiIUeIiB B 00CIIyTOBYBaHHS PETyIIFOBaIbHUKAMH IIBUAKOCTI BaroHiB

Fig. 4. The modified graph of cuts delivery to the service by regulators of car motion speed

3amaua BUOOPY MOMEHTIB 3YIHHKH PO3ITYCKY
€ 0araToBapiaHTHOIO 1 TMOBUHHA 3JIHCHIOBATUCS
3 YMOBHM MiHiMi3aIlii 3arajbHOI BEIMYUHH 3aTpU-
MOK.

MopaudikoBanuii rpadik HaIXOMKEHHS Bimue-
miB B 00CIIyrOBYBaHHS PEryIOBaJbHUKAMH LIBHI-
KOCTi BaroHiB 3 nepepBaMu pO3MYCKY Micisl BiJpu-
BiB 7-r0 Ta 16-ro BimuemiB HaBeaeHO Ha puc. 4.
[Tpu upOMy IPHUHHATO, IO MiHIMATbHA TPUBATICTD
nepepBu y po3mycky ckianae 0,5 xB.

YV BUMNAAKY, SIKIO KiTBKICTH PETYITIOBALHUKIB
Oyze 3MEHIIeHa J0 JBOX, TO KUIbKICTh 3yNMHHOK
MOBMHHA OyTH 30UIBIIICHA Yepe3 OJHOYACHE Hal-
XOJ/DKEHHsI B 00CIyroByBaHHs BigueriB 4 ta 6, 15
Ta 16, 14 Ta 18, 18 1a 20.

Yepes HasIBHICTh CKJIAAHUX 3B’S3KIB MiX LIBH-
JIKICTIO PO3MYCKY COCTaBa, PeKUMaMHU TalbMyBaH-
HS BiYEIIiB Ta iHTEpPBAJIAMHA MK HIMH Ha TaJlbMO-
BUX MO3ULISAX BEJIWYHMHA 3aTPHUMOK Y PO3IYCKY
MOBHHHA BH3HAYATUCHh HA MiJCTaBl XPOHOMETPAXK-
HUX CIIOCTEPEKEHb 32 POOOTOIO TipKH abo 3a pe-
3yJbTaTaMy iMIiTallifHOrO MOJeNtoBaHHS ii QyHK-
LIOHYBaHHSI.

JlomaTkoBo HEOOXiTHO BIAMITHUTH, IO 3aCTOCY-
BaHHsS TAJIbMOBHX OalllMaKiB IJIsl peTyJIOBaHHS
IIBUJIKOCTI CKOYYBaHHS BiTYeIliB MPU3BOIUTH JIO
CKOPOYCHHS KOPHUCHOI JIOBXXHHU COPTYBaJIbHUX
KOJIH i, K HACIIIOK, IO 301IbIIEHHST BUTPAT Yacy
Ha MIATOTOBKY iX JI0 PO3IYCKY.

VY BUMNAAKy, KOO MOTY>KHOCTI TaJIbMOBHX I10-
3UIIIH HEOCTATHHO IS 3a0e3TedeHHsT BXOIy Bill-
YeriB Ha OalmMayHy TraJbMOBY MO3HIIIO 3 JOMyC-

THMOIO UIs Hero mBuakictio 3,5 m/c [4], cmyck
BaroHiB Ha Hel MOXe 3/ ICHIOBATHCS MaHEBPOBUM
JIOKOMOTHBOM. MeToiKa BpaxyBaHHS TaKUX Bij-
YemiB MPH HOPMYBaHHI TPUBAIOCTI PO3IYCKY COC-
TaBa € aHAJIOTIYHOI [0 METOJMKH HOPMYBaHHS
TPUBAJIOCTI MaHEBPIB 3 BaroHamH, Mo 3a00poHEeHi
JI0 CITYCKY 3 Tipku 6e3 mokomotusa [10].

AJIbTepHATUBHIM METOJIOM € 3aKPHUTTS COPTY-
BAJILHUX KOJIM Ui pO3mycKy. B 1ipomy BuUmaaky
BHUKOPHUCTOBYETHCS KOB3Ka CICIialti3allisi copTyBa-
JHEHAX KON 1 30UTBIIYETHCS YacTKa ITOBTOPHOTO
COpPTYBaHHs. MeTOMKa OI[IHKH BIUIMBY KIIBKOCTI
KOJIi y COPTYBAJIBHOMY HapKy Ha YMOBH pOOOTH
TEXHIYHUX CTaHIli# HaBeaeHa B [12].

HaykoBa HOBM3HA Ta NPAKTUYHA
3HAYUMICTh

HaykoBa HOBH3HA POOOTH TONSATAE Y TOMY, IO
B HIA 3alpOTIOHOBaHI yJOCKOHAJICHI METOIN BH-
3HAYCHHS TEPEPOOHOT CIPOMOKHOCTI COPTYBallb-
HUX TipOK, SKi, HA BiAMIHY BiJ iCHYIOYHX, J03BO-
JISTIOTHh BPaXOBYBATH TEXHOJIOTI9HI OOMEKECHHS, 1110
BUKJIMKaHI BUMOraMH O€3IEKH COPTYBAJIbHOTO
MPOIECY 1 MOXYTh 3aCTOCOBYBaTHCh ISl OI[IHKU
MTOKa3HUKIB POOOTH TipOK B YMOBaX IapameTphd-
HUX BiJIMOB YIOBIJIGHIOBAYIB.

3acTocyBaHHSl 3alpPOIIOHOBAHUX METOJIB JIO-
3BOJISIE IJIS1 ICHYIOUHX 00CATIB POOOTH OILIHIOBATH
BIUTUB HECHPABHOCTI YIOBUILHIOBAYiB HA TIOTIp-
IICHHS MOKa3HUKIB POOOTH COPTYBAIBHUX TipPOK.

doi 10.15802/stp2016/77878

42

© JI. M. Kozauenko, C. B. I'peuios, T. B. bonanoscbka, 2016



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxa ta nporpec Tpancnopty. Bicauk /{HinponeTpoBchKkoro

HALIOHAILHOTO YHIBEPCUTETY 3alli3HHYHOr0 Tpancmnoptry, 2016, Ne 4 (64)

EKCIUTIYATALLA TA PEMOHT 3ACOBIB TPAHCIIOPTY

BucHoBkH

BukoHaHi OCTiKEHHS JO3BOJSIOTH 3pOOUTH
TaKi BUCHOBKH.

1. MeTtonu BU3HAYEHHS MEPEPOOHOI CIIPOMOXK-
HOCTI COPTYBAJBHUX TipOK, IO TIOKJIa/IeHI B OCHO-
BY JIIOYMX HAa CHOTOJJHI HOPMATUBHUX JIOKYMEHTIB,
HE BPaxOBYIOTh TEXHIYHHI CTaH yIOBIIbHIOBAYIB.
Tomy ix 3acToCyBaHHS HE JO3BOJISE OIIHIOBATH
TEXHIKO-E€KCIUTyaTalliifHy e(eKTUBHICTh PEMOHT-
HHX 3aXOJiB, CIIPIMOBAaHHUX Ha IEpeBEeICHHS (yH-
KIIIOHYBaHHSA COPTYBAJIBHHUX TipOK i3 OE3MEYHOTO
HETpane3JaTHOro CTaHy y Mpaue3aaTHHA.

2.Y BUNAAKy, SKIIO TaJbMOBOI IOTY>KHOCTI
VIOBUIBHIOBAYiB CITYCKHOI YacTWHHM TipKH HEJIO-
CTaTHBO JIJIS 3yMUHKH BiJTYEIIIB IIiJ] 9aC PO3ITyCKY,
TO TIOBWHHI TepeadadaTUCh TEPEepBH IS 3Bib-
HEHHSI TOTEpeIHIMH BigyenmaMyd MapUIPYyTiB CKO-
qyBaHHA. 3 BUKOPHCTaHHAM METOJIB Teopii iMOBi-
PHOCTI BHM3HAUYECHI 3aJCKHOCTI, IO JIO3BOJIAIOTH
BCTAHOBJIIOBATH TPHBATICTh BKa3aHUX 3yIHUHOK.

3.Y Bumaaxy, SKIIO TaJlbMOBOI ITOTY>KHOCTI
VIOBUIBHIOBAYIB Ha CIYCKHIM 4acTHHI TipKH Ta Ha
COPTYBAJIBHHUX KOJNISIX HEJIOCTaTHHO JJIsi BUKOHAH-
HSl BUMOT TPHUIUILHOTO PETryJIOBaHHS IIBUIKOCTI
CKOYYBaHHS BiIYeliB, TO HEOOXiJHO BHUKOPHUCTO-
ByBaTH JIOJaTKOBEe OalIMayHe TrajJbMyBaHHS.
B po6oTi po3pobiieHi MeToH, sIKi Ha MiJICTaBi iMi-
TalifHOTO MOJETIOBAHHSI COPTYBAJIBHOTO TPOIIECY
JTO3BOJISIIOTH BCTAHOBJIIOBATH MOTPIOHY BEIWYHHY
301IBIIEHHS] TPUBAJIOCTI PO3IYyCcKy, 1o 3abesre-
YyIOTh O€3MeKy pyXy MpH 3aJaHiil KUTBKOCTI pery-
JIOBAJIHUKIB IIBUAKOCTI PyXy BaroHis.
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CIIOCOBHOCTBb COPTUPOBOYHBIX I'OPOK

Heas. Hayunas paboTa cBoei 1enpi0 UMeeT pa3paboTKy METOZOB pacdera mepepadaTeiBaronieil criocoOHOCTH
COPTUPOBOYHBIX FOPOK I YCIOBUHM IOTEPH 3aMEAJIUTENIAMH TOPMO3HOM MolHOcTH. Metoauka. @yHKIMOHUPO-
BaHHE COPTHPOBOYHBIX FOPOK CBSA3aHO C ACHCTBHEM OOJBIIOrO KOIMYECTBA CIyYaiHBIX (pAKTOPOB, TAKHX KaK. Xa-
PaKTEPUCTUKHU OTIIETIOB, YCIIOBHSI BHELIHEH Cpelbl, BEIMYMHA TOPMO3HOW MOIIHOCTH, peajin3yemasl 3aMeUINTeNs-
MU, U Jp. B cBs3u ¢ aTUM JUIA UCCIIEA0BaHUA MOCTABJICHHBIX 3a/la4 UCHOJIB3YIOTCA METOAbl UMUTAITUOHHOT'O MOJIC-
JIMpOBaHUuA U MaTEeMaTUYECKOM CTaTUCTUKU. Onpe)leneHI/le CKOPOCTH U BPEMCHHU ABUKCHHS OTHEIIOB 110 MapuipyTam
OCYIIECTBIIICTCS. HAa OCHOBAaHWUM MOJICJIMPOBAHMS MX CKAaTBIBAHHMS C COPTUPOBOYHON TOpKH. Pe3yabTartsl.
B ciyuae, ecnu TOpPMO3HOM MOIIHOCTH 3aMeUINTENEH CITYCKHOM YacTH TOPKH HEJOCTAaTOYHO JUISi OCTAaHOBKU MMH
OTIIETIOB, TO BO BPEMsI POCITyCKa JIOJDKHBI MTPEAYyCMaTPUBATLCS TEPEPBIBBI U OCBOOOKIECHUS NPEABAPUTEIbHBIMI
OTILETIaMH MapUIPyTOB cKaThiBaHUS. C NCIIOIB30BAHIEM METOJIOB TEOPHH BEPOSITHOCTH OMPEJEIICHBI 3aBHCUMOCTH,
MIO3BOJISIOIINE YCTAHABIMBAThH MPOJOJDKUTEIFHOCTh YKa3aHHBIX OCTAaHOBOK. B cirydae, eciim TOpPMO3HOW MOITHOCTH
3aMeUINTeNIel Ha CITyCKHOM YacTH TOPKH M HAa COPTHPOBOYHBIX ITyTSAX HEJTOCTATOYHO /IS BBIMOJHEHUS TpeOOBaHMI
MIPULIETBHOTO PETYINPOBAHUSI CKOPOCTH CKAaTBIBAaHHS OTLETNOB, TO HEOOXOIMMO HCIOJIb30BaTh JOMOJHUTEIBHOE
GammMadHOE TOpMOKEHHUE. B mccnenoBanny pa3paboTaHbl METOABI, KOTOPbIE HA OCHOBAaHMM MMHUTAIMOHHOTO MOJE-
JMPOBaHMS COPTUPOBOYHOIO MPOLECCA MO3BOJIIIOT YCTAHABIMBATH HY)KHYIO BEIMYMHY YBEIMUYECHUS IPOIOIIKH-
TEJILHOCTU POCITyCKa, 00EeCIeUMBAIOIIYI0 0€30MaCHOCTh ABMKEHHS IIPH 338JJaAHHOM KOJIMUECTBE PEryJISITOPOB CKOPO-
cTH JBIKeHUs BaroHoB. Hayunasi HoBu3Ha. B paboTe aBTOpamu BrepBbIe MPEAJIOKEHBI YCOBEPIICHCTBOBAHHBIC
METOIIBl  ONpeJeNieHus]  nepepabaThiBalOlIell  CIIOCOOHOCTH — COPTHPOBOYHBIX TOpokK. MX — ocoOeHHOCTh
B TOM, 4TO OHH (B OTJIMYHE OT CYIIECTBYIOLIHMX) MMO3BOJISIOT YYUTHIBATH TEXHOJIOTMYECKHE OTPAHUYCHUS, BHI3BAH-
HBlE TPeOOBaHMSIMH O€30MaCHOCTH COPTHPOBOYHOIO IPOIECcca, M MOTYT HNPUMEHSITBCS Ul OLEHKH ITOKa3areseit
paboTHI TOPOK B YCIIOBHUSIX MapaMeTPUUYECKUX OTKa30B 3ameymTenei. [IpakTtnyeckas 3naunmoctsb. [Ipumenenne
MPEATI0KEHHBIX METO/IOB MO3BOJISET JUIS CYIIECTBYIONIMX OOBEMOB pabOTHI OIEHWBATh BIMSHHUE HEHCIPaBHOCTH
3aMeUIHTeNel Ha yXyALIeHHE oKa3zaTeaeld paboThl COPTUPOBOYHBIX TOPOK.

Kniouesvie cnosa: copTUpoBOYHAs TOPKA; BAaTOHHBIN 3aMEINTEINb, O€30ITaCHOCTh ABHKEHUS TTOE3/10B; COPTUPO-
BOYHBIN IpOIIECC; mepepabaThIBAIOIIAs CIOCOOHOCTh TOPKU
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STUDY OF TECHNICAL STATE IMPACT OF BRAKE RETARDERS
AT THE PROCESSING ABILITY OF HUMPS

Purpose. The research aims development of methods for calculating the estimated capacity humps for the loss
conditions of brake power retarders. Methodology. The operation of humps is connected with large number of ran-
dom factors, such as the characteristics of cuts, environmental conditions, the value of braking power implemented
by retardants and others. In this regard, to research the set tasks the methods of simulation modeling and mathemati-
cal statistics are used. Determination of speed and motion time of cuts on the routes is carried out on the basis of
rolling down modeling of their rolling down from the humps. Findings. If the brake power of retarders of the rolling
down part of humps is not enough to stop the cuts, it should be provided the intervals during break-up to release the
rolling routes from the preliminary cuts. The dependencies allowing to set the duration of these intervals were de-
termined using the methods of the probability theory If the brake power of retarders at the rolling down part of
humps and at the classification tracks is not enough to meet the requirements of the aimed regulation of the cuts
rolling speed, it is necessary the use the additional brake shoes. The work develops the methods that on the basis of
simulation modeling of the humping process allow one to set the desired value of the break-up duration increase.
They ensure the traffic safety at the given number of car motion speed regulators. Originality. Authors firstly pro-
posed the improved methods for determining the estimated capacity of humps. Unlike the existing ones, allow tak-
ing into account the technological limitations caused by the requirements of the humping process safety and can be
used to assess the performance of the humps in the conditions of parametric failures of the retarders.
Practical value. The use of the proposed methods allows assessing the influence of the retarders’ disrepair on the
performance degradation of humps for the existing volumes of work.

Keywords: hump; car retarder; train traffic safety; humping process; estimated capacity of a hump
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SHUKEHHSA IBUIKOCTI BIJYEIIIB HA IIOYATKY
COPTYBAJIbHUX KOJITI, OCHAIIIEHUX CUCTEMOIO
PO3ITOAIVIEHOI'O PEI'YJIIOBAHHA HIBUJIKOCTI

Mera. Yitka Ta 6e3nepediliHa poOOTa COPTYBaNBHUX TIPOK 3aJICKUTH Bill IKOCTI TEXHIYHHUX 3aCO0iB Ta TEXHO-
JIoTi1 peryIoBaHHA MBUAKOCTI BigdemniB. Ha GUIBIIOCTI COPTYBaIbHUX TipOK BHKOPHCTOBYETHCS TEXHOJIOTIS 1HTEP-
BaJBHO-TIPUIIIFHOTO PETYIOBAHHS MIBHIKOCTI BiA4emiB. Y CTAaTTi HEOOXiMHO MpoaHai3yBaTH CIOCOOM 3HIKCHHS
MIBUJIKOCTI CKOYYBaHHS BiA4emiB J0 O€3MEeYHOro PiBHS Ha MOYATKY COPTYBAIBHUX KOJiH, OCHAIICHUX CHCTEMOIO
PO3MOJIIEHOTO PEryJIIOBaHHS MIBUAKOCTI. MeToauka. 3anporoHOBaHO TPH MPHHIMIIOBO Pi3HI CIIOCOOM 3HMKEHHS
MIBUAKOCTI CKOYYBaHHsI BIIYEIiB HA NIOYATKY COPTYBAJILHHUX KOJIi. 3a JOMOMOTOI0 MOJIEIIOBAHHS MPOLIECY CKOUY-
BaHHS BITYEIIB i3 TIPKH, OCHAIICHOI CHCTEMOIO PO3IMOJIICHOTO PEryJIIOBaHHS INBUIKOCTI, MPOBEACHUI aHai3
CHOCO0IB 3HIKEHHS IIBHJIKOCTI CKOYYBaHHS BiJYeINiB O OE3MEYHOro PIiBHA HAa IOYATKy COPTYBAaJIbHUX KOJIH.
Pe3ysbTaTu. 3a pe3ysbpTaTaMy aHalli3y BCTAHOBICHO HEIOLIbHICTh BUKOPUCTAHHS MPOTHYXMITY Ha CITyCKHil 4ac-
THHI TIpKH 32 OCTaHHIM PO3IUIOBUM CTPUIOYHHM IEpeBOJOM. TOUKOBI PEryisaTOpH MIBHIKOCTI BarOHIB MOKHA BU-
KOPHCTOBYBATH JUIS 3HW)KCHHS LIBUAKOCTI CKOYYBaHHS BiJUeliB Ha MOYATKy COPTYBAJIBHUX KOJIiH, aje 1e MpuBo-
JUTH JI0 TIOTIpIIEHHS YMOB PO3IUICHHS Ha OCTaHHIX PO3IUIOBHX CTPUIOYHHUX MEPEBOJaX TOBTUX BiMUEIiB i3 HACTY-
ITHAMH 33 HUMH KOPOTKHMMH Bifdenamy. 3HW)KEHHS IIBHIKOCTI CKOYyBaHHS BIIUEIiB Ha IIOYATKy COPTYBaJIbHHX
KOJII MOXHA 3AiIICHIOBATH 3a IOTIOMOT0I0 OaJIKOBHX BarOHHHX YIOBUIFHIOBAWiB HAa CTAI[lOHApHIN MapKOBiHA rajb-
MOBIH MO3UIIii. AJTOPUTM KepyBaHHS MApKOBOIO TAJIbMOBOIO MO3HIII€I0 AOBOJI pocTril. Bei Biguenn Tpeba Bumyc-
KaTH 3 Hel i3 0e3MeYHOI0 MIBUAKICTIO. SIKIIO TOYHICTH peanizamii 3ajaHoi MBUAKOCTI BUXO/AY BIAYEIIiB i3 HapKOBOI
rajJbMOBOI IMO3HMIIIT HEBUCOKA, TO € MOXKJIMBICTH JIIKBIJlyBaTH IMOTPIIIHICTh TOYKOBUMH DPEryJsITOPaMH IIBHIKOCTI
Baronis. HaykoBa HOBH3HA. ABTOPOM BHSIBJICHA CYIEPEUIMBA B3a€MO3AJICKHICTh MK MOKa3HUKAMHU SIKOCTI PO3/1i-
JICHHS BiYEMIB HA PO3IIIOBUX CTPLIOYHUX MEPEBOJAX CIHYCKHOI YACTHHHU TipKU Ta SKICTIO 3aTIOBHCHHS COPTYBAb-
HUX KOJif BArOHaMH B yMOBax 00JaJHAHHS COPTYBAIBHOI TiPKU CHCTEMOIO PO3MOAIIECHOTO PEryIrOBaHHS [IBUIKO-
cti Biguenis. IIpakTuuna 3HaYMMicTh. Pe3ynbraTé TOCHIIPKEHHS! MOXKYTh OyTH BHKOPHCTaHI B pa3i OCHAIEHHS
COPTYBAJIBHOI TiPKH CHCTEMOIO PO3IIOAUICHOTO PETyIIIOBaHHS IIBUAKOCTI BiTYETIIB.

Kniouosi cnosa: copryBaiibHa TipKa, COPTyBajbHA KOJIisl; YXWJI KOJIi; BiJ4en, TOYKOBI BarOHHI YMOBIJIbHIOBAYI,
rajbMOBa MO3UIIisT; CUCTEMA PO3MOIICHOTO PEryIFOBaHHS IBUAKOCTI

Beryn perymoBanHs [5]. BukopucTaHHS TOUKOBHX PEry-
JSITOPIB MIBUAKOCTI BaroHIB y COPTYBaJIbHOMY Iia-
PKY TEOPETUYHO [103BOJIIE HAKONIMYYBAaTHU COCTaBU
0e3 BiKOH i 0e3 oca/’KyBaHb MaHEBPOBHM JIOKOMO-
THBOM 3 OOKy TIpKH, a TaKOX 3a0e3reuye Imiaxif
BiZIUENIB 10 BAaroHiB, sIKi HAKONHMYYIOTHCS Ha COp-
TyBaJIbHIN KOIii, 3 Oe3mevHor mBuaKicTo [4, 13].
€ IOCBiJ BUKOPHWICTAHHS TOYKOBUX PETYJSATOPIB
HIBHJKOCTI BaroHiB i Ha CIYCKHIil YacTWHI TipKH
[10]. ToukoBi peryisiTopu IIBHIKOCTI BaroHiB Ha
CITyCKHIN YacTHHI TipKH HAJIAMTOBYIOTh HA YTPH-
MaHHS MaKCHUMaJIbHO MOXKJIUBOTO PIBHS IIBHJIKO-
CTi BCiX BiIYeNiB B MeKaxX CTPUIOYHOI 30HH. Y 3a-
JISKHOCTI Bii KOHCTPYKIIIi COPTYBaJIIbHOI TipKU Ta

[IpoGiieMor0 peryJoBaHHS MIBUAKOCTI Bifue-
B 3aliMarOThes Oarato BUEHWX y CBITi [2, 3, 7-9,
12]. AxTyanbHUM A7l 3aTi3HUYHOTO TPAHCIOPTY
VYkpaiHu 3aIMIIAETBCS MUTAHHS BIPOBAKCHHS
IHHOBAIIIMHUX TEXHOJOTIH, SKi MiBUIIYIOTh SKICTh
1 3MEHIIYIOThH BIUIMB JIFOJICHKOTO Ta IHIIHX (haKTo-
piB Ha MPOIIEC PO3ITYCKY COCTaBiB 3 TIPKH B IILJIO-
My, Ta Ha TpOLeC HAKOMMYEHHS BaroHiB Ha COPTY-
BaJILHUX Kouisix 30kpema [1, 11, 13 ]. Ha copryBa-
JTHHUX TipKaX, OCHAIIEHWX CHCTEMOIO PO3IIOoJiJie-
HOTO pETyJIOBaHHA INBUAKOCTI, 32 JOIOMOTOO
TOYKOBHX PETYJISITOPIB IIBUIKOCTI BaroHiB 3a0e3-
MEYyIOTh ad0 iHTEepBaNbHE 1 MPHIIJIbHE PETYITIo-

BaHHS IIBHUAKOCTI BimuemiB, abo JUIIE MPHITUTHHE

TOYKOBUX PETYJISATOPIB IIBHIKOCTI BaroHiB IIei
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piBeHb KOJIMBa€eThesi B Mexax 3—5 m/c. Ha copry-
BaJIbHUX KOJISX TOYKOBI PEryJSTOPH IIBHUAKOCTI
BaroHiB HAJAIITOBYIOTh Ha MIBHUAKICTH CIIPAIlEOBY-
Banus Bix 1 no 1,4 m/c.

Meta

MeTo10 TOCTiKEHHS € aHali3 Ta OIiHKa BIUIU-
By cIoco0iB 3HW)KEHHsS MIBHJIKOCTI CKOYYBaHHS
BiueniB 10 Oe3MeYHOro PiBHS Ha MOYATKY COPTY-
BaJIbHUX KOJII Ha MOKAa3HUKH SKOCTI PO3IiNEHHS
BiIUENiB HA PO3IIIOBUX CTPUTOYHHX TIEpeBOJAX
CIYCKHOI YacCTHHU TipKH Ta SKOCTI 3allOBHCHHS
COPTYBAJILHUX KOJiif BaroHaMu B yMoOBax 00Jaj-
HaHHS COPTYBAJIBHOI TIPKH CHCTEMOIO PO3MOJIije-
HOT'O PETyJIFOBaHHS IIBUAKOCTI BiTUYCIIIB.

MeTtoauka

TexHomorito 3abe3medeHHs] SKICHOTO 3aIlOB-
HEHHsI BaroHaMH COPTYBAJIBHOI KOJIii 3 BHKOpHC-
TaHHSM TOYKOBHUX PETyJISATOPIB IIBUIKOCTI BarOHIB
MOXHa pO3AUTUTH Ha [IBA €Taly, IOB'SA3aHl
3 PO3B’sI3aHHSM TaKHX 32]1a4:

1) 3HM3WTH MIBUAKICTH CKOUYBAHHS BiTUEIiB 10
0e31eyHOoro piBHS MIBHIKOCTI MiIXOY BiT4EIiB 110
BaroHiB Ha COPTYBAIBHIN KOJIii;

2)MiATpUMYBaTH el PiBEHb HMIBUAKOCTI MPOTSI-
TOM YCHOTO IUIAXY CKOYYBaHHs BiIdena 0 TOYKU
MIPHUIILTIOBAHHS.

Hpyry 3amaqy po3B’S3yI0Th 3a JIOTIOMOTOIO CH-
CTEMH PO3IMOJAUICHOTO PEryJIrOBaHHS IIBHUAKOCTI
BigueriB. CucreMa sBIsie COOOI0 HHU3KY TOYKOBHX
PETyIATOPIB MIBUIKOCTI BaroHiB, PO3TAIIOBAaHUX
Ha COPTYBaJbHIM KOJIi MiC/sl TAPKOBOI TaibMOBOT
no3uuii. I{inpHICTE poO3TalIyBaHHS TOYKOBUX pe-
TYJISATOPIB IIBHIKOCTI BaroHIB Ha COPTYBAIbHIM
KO Ta YXWI COPTYBAJIbHOI KOJMIi BH3HAYAKOTHCS
HUISIXOM MOLIYKY pallioHaJbHOTO CITiBBiJHOIICHHS
MDXK MM BeInYuHaMu [6].

SIK TOYKOBI pEryJsATOPH IMBHIKOCTI BaroHiB
BUKOPUCTOBYIOTH 200 TOUYKOBI BaroHHi YIMOBiJIb-
HIOBa4yi, a00 TOYKOBI BaroHHi NPUCKOpIOBadYi-
VIIOBUTHHIOBAYUI. AJI€ TOYKOBI IPHUCKOPIOBAdi-
VIOBUIGHIOBAYI HE MPAalIOIOTh aBTOHOMHO, BOHH
MOTPEOYIOTh KUBJICHHS BiJI 30BHIIIHBOTO JDKEpela
eHeprii, ToOMy OUIBII TOIKUPEHEe BUKOPHUCTAHHS
TOYKOBUX BarOHHUX YIOBUILHIOBAYIB.

IIlo crocyerbes meprnoi 3amavi, To ii MOXHA
PO3B’S3yBaTH Pi3HUMH CITOCOOAMMU:

1)3a 0MOMOro BIANITYBaHHS HA IOYATKY
COpPTYBaJIbHUX KOJIil MapKOBOI TraJIbMOBOI MO3MIIT,

oOnamHaHOi OaKOBUMH BarOHHUMH YIOBUIBHIO-
BayaMH;

2)3a JOTIOMOTOI0 TOYKOBHX BarOHHHX YIIOBi-
JHHIOBAYiB, $SIKi HANANITOBaHI Ha KOHTPOJBHY
IIBUJIKICTH CITPAIbOBYBaHHS, IO ITOCTYIIOBO Ma/1a€
0 piBHA O€3MeYHOi, TOYNHAIOYN BiJ TPaHUIHOTO
CTOBITYMKA 332 OCTaHHIM DPO3ALJIOBUM CTPLIOYHUM
MEPEeBOAOM JI0 TIOYATKY 30HHM HAKOIMYCHHS Baro-
HiB;

3)3a 10MOMOr0I0 TPOTHYXHUITY Ha IMOYaTKy COp-
TYBaJIBHHUX KOJIiil (IPUPOAHOT TabMOBOI TO3UILIT).

AHami3 JOIIBHOCTI BHKOPHCTAaHHS KOXXHOTO
3 TPHOX CHOCOOIB 3HMKEHHS IIBHIKOCTI BaroHiB
Ha COPTYB&JIBHUX KOJISIX 70 OE3[EYHOro piBHS
JTO3BOJISIE BUSIBUTH TIEPEBArd i HEJOIKH KOXHOTO
3 HUX TMOPIBHSAHO 3 TPAIWIIIHHOK TEXHOJOTIEI
3 BUKOPHCTaHHSM CTalllOHAPHOI MapKOBOI rajJbMo-
BOI mo3uilii, o0xamgHaHOI OAJIKOBUMH BarOHHUMU
YHOBUTFHIOBAYaMH.

IlTopiBHSHO 3  COPTYBAJBHUMH  TipKaMH,
HE OCHAIIICHUMHU CHCTEMOKO PO3IOJIJICHOTO pery-
JIOBaHHS INBHKOCTi, alITOPUTM KEepyBaHHSA Map-
KOBOIO TaJIbMOBOIO ITO3HUITIEI0 3HAYHO CIPOILYETh-
cs, TOMY IO BCl BiJlYeM MOXXHA BHUITyCKaTH 3 Ta-
JIBMOBOI MO3HLIT 3 OJHAKOBOK IIBUAKICTIO. SIKIIO
TOYHICTh pealizamii 3aJaHoi IIBUIKOCTI BUXOAY
BiJTYEIIIB 13 MAPKOBOT I'aJIbMOBOI MO3MIIIT HEBUCOKA,
€ MOXXJIMBICTB JIIKBiyBaTH MOTPILIHICTE TOYKOBU-
MU PeryJsaTopaMH HIBHIKOCTI BaroHiB, po3Tamio-
BaHMMH Ha COPTYBaJIbHIH KOTii.

JlociKkeHHsI BUKOHAHO 3a JIOTIOMOTOI0 MOJie-
JIIOBaHHS NPOLIECY CKOYYBaHHs BIIYEIiB 3 TipKH,
OCHAIIEHO1 CHCTEMOIO PO3MOAIIEHOTO PETYIIOBaH-
HSI IIBUIKOCTI.

PesyabTaTtu

Y pe3ynbTaTi AOCHTIHKEHHS APYToro Crocoly
3HIDKCHHS MIBHUIAKOCTI BiAYEIiB 3 BUKOPHUCTAHHSIM
TOYKOBUX BaroHHHWX YIOBIJIbHIOBAYiB BHUSBJICHE
30iNBbIIEHHS] PU3WKY HEPO3IUICHHS BiYemiB Ha
OCTaHHIX PO3IUIOBUX CTPIIOYHUX TEpEBOAAX CITy-
CKHOI YaCTHHH TipKH MiJ Yac MOCIiJIOBHOTO CKO-
YyBaHHS JIOBIOT'O JIETKOTO Bijuena W HAaCTYIHOTO
3a HUM KOPOTKOTO Biguerna.

Ha puc. 1 300paxeHo, ik 3MIHIOETBCS 3 YaCOM
MOJIOKEHHS BiJUEIIiB, IO CKOYYIOTHCS 3 TipKU
B TOCIIZIOBHOCTI: OJIHOBArOHHHWN (KOPOTKHIA) Bif-
Yerr — BOCBMHUBAroHHu# (MOBruif) Biguen — OIHO-
BaroHHU# Biguen. [IpuuoMy MOJOKEHHS Bi4elniB
MO3HAYCHO KOOPMHATAMH MEPIIOro i OCTAaHHBOTO
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aBTO3YCITHUX MTPUCTPOIB BiJIMOBIIHUX BiIYCIIiB.

Ha ¢parmenti a puc. 1 300pakeHo rpadiku
CKOYYBaHHS 3 TipKH ITOCIIJOBHOCTI BiIYeiB: KO-
POTKHMIA — TOBI'MiA — KOPOTKHiA. OJHOBAarOHHU BijI-
Yer, SKUH CKOYYEThCS MiCIAsS BOCHMHUBAroHHOTO,

a) T ¢

Ha3JoraHse IHOro Ha OCTAaHHBOMY pPO3ILUIOBOMY
cTpinouHoMy mepeBoai. BinOyBaerscst Heposmi-
JIEHHS BimdeniB. Y pe3yibTaTi OJHOBaroHHWH Bif-
Yerl IPSIMY€E Ha 9yKy KOJIiI0.

300

i

200 300 S M

Puc. 1. I'padixu 3aeKHOCTI TPUBAIOCTI CKOUYBaHHS 3 TIPKH BiYEIiB Bijl IXHBOTO IOJIOKEHHSI B TIOCIIIIOBHOCTI!
a — OTHOBaroHHMI — BOCbMUBArOHHUI — OJJTHOBAarOHHHI; 6 — T€ caMe, ajieé BOCbMHBAarOHHUH BiT4en pO3IiICHUIA HABITLT

Fig. 1. Dependency graph of rolling down duration of cuts from humps from their position in the sequence:
a — single-car — octagon-car — single-car, b — it is the same, but octagoh-car is bisected
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Take BiOyBa€eThcs TOMY, 10, KOJIM MEPII OCi
JIOBIOTO Bimyena BKE TalbMYIOThCS TOYKOBUMH
BarOHHUMH YIOBUIBHIOBAYaMH, HANAIITOBAHUMHU
Ha MEHINY NIBHJKICTh CHpAIlbOBYBaHHS, OCTaHHI
oci me mepe0yBaloTh y cTpijiouHiid 30Hi. Le mpu-
3BOJUTH JI0 TOTO, IO HACTYIHHHA KOPOTKHU Bif-
Yerl, OCl SKOTO TalbMYIOThCS TOYKOBHMHU BaroH-
HUMU YIOBUILHIOBaYaMHM, HAJIAIITOBAHUMH Ha Oi-
JBIy KOHTPOJbHY IIBHUJKICTH CIpPAIlbOBYBAHHS,
MOKe Ha3JA0THATH MOMEPEIHIN TOBTHH BiaUeIL.

[IBuaKicTs AOBroro Bimuemna magae 4epes ra-
JTBMYBaHHS HOT0 MepHiux oceil TOUKOBUMHU BaroH-
HUMH YTIOBIILHIOBAYaMH, HAJIAIITOBAHUMHU Ha Me-
HIIy KOHTPOJbHY MIBHJKICTh CIpalbOBYBaHHS,
HDK Ti, sIKi pO3TaIlOBaHi B CTPIIOYHIHM 30HI CIyCK-
HOT YaCTHHH TipKH.

o mpobieMy MOKHA BUPILIATH TEXHIYHO ab0
TEXHOJIOT1YHO.

Sk TexHiuHe pillleHHS MPOIIOHYETHCS BiACYHY-
TH JIaji BiJ CTPUTOYHOI 30HM TIOYaTOK 30HU yCTa-
HOBJICHHSI TOYKOBHX BAarOHHUX YIMOBIJIBHIOBAYiB 3
MEHIIIO0 KOHTPOJBHOK IIBHIKICTIO CIPalbOBY-
BaHHS, HIX Ha CIYCKHIH 4YacTWHI TipKu. AJe 1Ie
MOYKe IMPHU3BECTH JI0 TOTO, 1[0 MU HE BCTHTHEMO
3HM3UTH IIBUAKICTH PO3PaxyHKOBOTO Bifuena
3 XOPOIIMMHU XOJIOBUMH BIIACTHUBOCTSIMH JI0 Oe3re-
YHOTO pIiBHS Y BUNAJKY, KOJIHU COPTYBaJIbHA KOJis
Maiike MOBHICTIO 3allOBHEHA BaroHaMu i KOopau-
HaTa TOYKU MPUIUTIOBAHHS PO3TAlIOBaHA HA MOYa-
TKY COPTYBAJIBHOI KOJIii. ¥ TakoMmy pa3i 301IbIIy-
€ThCSI PU3MK TOLIKOJKCHHS BaroHiB 1 BaHTaXIiB
4yepe3 MEePeBHIICHHs 0€3MeYHOI MIBUIKOCTI MMiIX0-
Iy BiJ9YEITiB IO BaroHIB Ha COPTYBaIbHIN KOTii.

Sk TEeXHOJIOTIYHE PIIICHHS MPOMOHYETHCS J0-
JTATKOBO PO3YIILTIOBATH JIOBTi BiUenu Ha OLIbII
KOpOTKi ckiamadem Ha ripui. Ha ¢parmenti 6
puc. 1 300paxkeHi rpadikd CKOUYYBaHHS 3 TipKH
BOCbMHUBAroHHOTO Bifdemna, PO3AUICHOTO Ha JBa
YOTUPUBAroHHI Bigdenu. TakuM YHHOM BHpIMIy-
0Th MPOOJIEeMy HEPO3MIJICHHS BiMJeNiB, ajie IIe
MPU3BOIUTH O HEOAKaHOTO JOJATKOBOI'O HaBaH-
Ta)KEHHsI Ha CKJIala4ya Ha COPTYBaJIbHIH ripii.

Tperi#i crioci®6 3HWKEHHS MIBHIKOCTI BiTYEIliB
Ha MOYaTKy KOJNid HAaKOMUYEHHS 3arpONOHOBaHUIM
SK aTbTCpHATHBHHN I 3MEHIICHHS KiIBKOCTI
TOYKOBHX PETYJIATOPIB IIBHIKOCTI BaroHIB Ha COp-
TyBaJbHUX KOJIisX.

JIJis 3HWKEHHS IIBUIKOCTI CKOYYBAaHHS Bijue-
miB 10 Oe3meyHOro piBHA Ha CITyCKHIM YacTWHI
TIpKA 32 OCTaHHIM PO3IiJIOBHM CTPUIOYHUM IIepe-

BOJIOM MOXe OYyTH 3alpOeKTOBaHHUU IMPOTUYXUII,
KPYTICTh SIKOTO Ma€ OOMEXEHHS M0 MaKCHMAIbHO
MOXXIIUBIM PI3HUINl yXWIIB CYMDKHUX UISHOK
npodiao 25 %o. JloBKHMHA MPOTUYXUITY PO3Paxo-
BYETBCS TAaKUM YHHOM, MO0 3a HECHPUSTIMBHX
YMOB HAIIPHKIHIII MPOTUYXHWITY IIBHAKICTH po3pa-
XYHKOBOTO BiJ4ena 3 NMOraHMMH XOIOBHUMH BJac-
THUBOCTsIMH OyJia Ha piBHi 1,4 m/c.

Jlocnmi/pKeHHST TOKA3aj0, M0 HEeIOJIKH IbOTO
croco0y Taki Xk, SIK 1 Yy BUMAAKy BHUKOPHCTAHHS
TOYKOBUX BAarOHHUX YIOBUIBHIOBAYIB JUIsI 3HH-
JKEHHSI IIBHJIKOCTI BiJYeliB Ha COPTYBAILHUX KO-
nisgx 1o 6e3nednoro piBHA. Jlo Toro x € me i pu-
3MK 3yIHHKH PO3IYCKY COCTaBa 4epe3 HEIoI0JIaH-
HSl MIPOTUYXWIIY BiMYEIIOM 3 MOTaHHUMH XOJOBUMHU
BJIACTHBOCTSMU. Take MOXKE TPAMUTUCS Y BUMAIKY
3HKCHHSI IIBHJKOCTI HAacyBy COCTaBa Ha TipKy
a0o0 vepe3 neperaabMyBaHHS BiUeIliB i3 MOTaHUMU
XOJIOBUMH BJIACTHBOCTSIMHU Ha TalbMOBHX MO3HIIi-
SIX CIYCKHOI YaCTWHH TipKH B pa3i OCHAICHHS
JIIIE COPTYBAaJbHUX KOJill CHCTEMOIO PO3IoIiie-
HOTO PETyJIOBaHHS MIBUIKOCTI BiTUeTiB.

HaykoBa HOBH3HA Ta IPAKTUYHA
3HAYUMICTh

3anpornoHOBaHO TPU AIBTEPHATHBHI CIIOCOOU
3HIDKEHHS I[IBUIKOCTI BIOUYeIiB 10 Oe3meYHOro
piBHSI Ha TOYATKy COPTYBaJIbHHUX KOIiH, poaHai-
30BaHO BIUIMB KOXHOTO CIOCOOY HAa TOKAa3HUKHU
SKOCTI PO3JIJICHHS BiJYeliB Ha CITyCKHIN 4acTHHI
TIpKH Ta TIOKA3HWKHU SKOCTi 3aIlIOBHEHHSI COPTYyBa-
JILHUX KOJII BaroHaM¥ B YMOBax OOJIaJJHAHHS CO-
PTYBaJIbHOI TipKH CHCTEMOIO PO3MOIIIICHOTO Pery-
JIFOBAHHS IBUIKOCTI BiTYEIiB.

BucHoBkH

1. Bukonanuii aHamgi3 CHoocoOiB 3HIDKEHHA
MIBUIKOCTI CKOYYBaHHS BiguemiB 10 OE€3MeYHOTO
piBHS Ha MOYATKy COPTYBAIHHHUX KOJIH JOBOIUTH
HEJOIUIBHICT, BHKOPUCTAHHS MPOTUYXWIYy Ha
CIYCKHIW YacTHHI TIpPKH 3a OCTaHHIM PO3LIOBUM
CTPIJIOYHNM TIepeBOAOM. TOYKOBI perymaropu
IIBUJIKOCTI BaroHiB MOXHAa BHKOPUCTOBYBATH JIJIs
3HIDKCHHSI TIBHJIKOCTI CKOYYBaHHS BIJIYCIMiB Ha
MOYaTKy COPTYBAIBHUX KOIIiH, ane Ie MPU3BOIUTh
JI0 TIOTiPIICHHSI YMOB PO3/1JICHHS HA OCTaHHIX PO-
3MIJIOBUX CTPUIOYHUX TEPEBOJIAX JOBTUX BiTUYemiB
i3 HACTYIMTHUMH 32 HUMH KOPOTKHMH BiT4YeTIaMu.
Jns ycyHeHHs T1ii€el TpoOeMH pPEKOMEHIYETHCS
JTOJIATKOBO PO3YIILIATH JOBri Bimguernu, 0COOIMBO

doi 10.15802/stp2016/77881

50

© O. A. Hazapos, 2016



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxa ta nporpec Tpancnopty. Bicauk /{HinponeTpoBchKkoro

HALIOHAILHOTO YHIBEPCUTETY 3alli3HHYHOr0 Tpancmnoptry, 2016, Ne 4 (64)

EKCIUTIYATALLA TA PEMOHT 3ACOBIB TPAHCIIOPTY

y BUNAJKax, KOJH 32 HUMU MIPSIMYIOTh KOPOTKI BijI-
4ermu, 3 PO3JMUICHHSIM Ha OCTaHHIX PO3AUIOBHX
CTPLIOYHHX TTEPEBOIAX.

2. HeominbHO BiICOBYBAaTH 30HY pO3TalllyBaH-
HSl TOYKOBUX BarOHHUX YIOBUILHIOBAYIB JJIsl 3HU-
JKEHHS IIBHIKOCTI BiTYeIiB 0 OE3IEYHOTO PiBHS
y OiK 30HM HAKOIMYEHHs BAaroHIB Ha COPTYBaJlb-
HUX KOIiSX, TOMY IIO TOMi 30UIBIIYETHCS PH3UK
HE BCTUTHYTH 3arajibMyBaTH BaXKi Bidyenu 3 rap-
HUMH XOJIOBUMH BJIACTHBOCTSAMH JO0 Oe3medHoi
IIBUJKOCTI MiIXOJy J0 BaroHiB Ha COPTYBalbHIN
koutii. [TuTanHs, Ie MOYMHATH 30HY PO3TALTYBaHHS
TOYKOBHX BaroHHHX YIOBUIGHIOBAYiB JJISl 3HU-
JKCHHSI PIBHS IIBUAKOCTI BiUeIiB, moTpedye aona-
TKOBUX JIOCHI/IKCHb.

3. 3HIKEHHS IMBUAKOCTI CKOYYBaHHS BiT4EIIiB
Ha TI0YaTKy COPTYBAJIBHHUX KOJIIH MOYKHA 3A1HCHIO-
BaTH 3a JOIIOMOTOI0 OAJTKOBUX BarOHHHX YIOBLJIb-
HIOBa4yiB Ha CTaIlllOHapHIA ITapKOBil TralbMOBii
MO3HIlIi. ANTOPUTM KepyBaHHS MAPKOBOIO TallbMO-
BOIO ITO3MIII€I0 JIOBOMI mpocTuil. Bei Biguenn Tpe-
0a BumycKaty 3 Hei 3 0e3MeYHOI0 MBUIKICTIO. SK-
0 TOYHICTH peajizamii 3a7aHoi MBHIKOCTI BUXO-
Iy BIJUEIIB i3 MapKOBOI TajbMOBOI MMO3UIIIT HE BH-
COKa, TO € MOMJIMBICTh JIKBiAyBaTH MOTPIIIHICTH
TOYKOBHMH PETYJIATOPAMH IBUAKOCTI BATOHIB.
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CHUXKXEHME CKOPOCTHU OTHEIIOB B HAYAJIE COPTUPOBOYHbIX
MNYTEN, OCHAIIIEHHBIX CUCTEMOM PACIIPEJEJEHHOI'O
PETI'YJIUPOBAHUSA CKOPOCTHU

Hean. Yerkas u Oecrepedoiinas paboTa COPTUPOBOYHBIX T'OPOK 3aBHCUT OT KayeCTBA TEXHHYCCKHX CPEICTB
W TEXHOJIOTUH PEryJIMPOBaHHs CKOPOCTH OTLENOB. Ha OGOJIbIIMHCTBE COPTUPOBOYHBIX TOPOK UCIIOIB3YETCSl TEXHO-
JIOTHSl MHTEPBAIBHO-TIPULICIIFHOTO PETyJIMPOBAaHNS CKOPOCTH OTLIENOB. B cTaThe HEOOXOAMMO NpOaHAIN3UPOBATH
CIOCOOBI CHM)KEHHSI CKOPOCTH CKaTBhIBaHMS OTLIETIOB 10 0E301acHOr0 YPOBHS B Hadaje COPTHPOBOYHBIX MyTeH, oc-
HAIIIEHHBIX CUCTEMOH pacHpeAeIeHHOro peryiupoBanus ckopoctu. Meroauka. IIpeaiosxeHs! Tpu NpUHIUNIHAIBHO
Pa3HbIX CIIOCOOOB CHI)KEHHSI CKOPOCTH CKaTBHIBAHMUS OTILETIOB B Ha4YaJe COPTHPOBOYHBIX IyTel. C MOMOIIBI0 Moje-
JMPOBAHMS MpoIecca CKATBIBAHMS OTIETIOB C TOPKH, OCHAIIEHHOM CHCTEMOH pacIpeAeieHHOTO PETYIHPOBaHUS
CKOPOCTH, NTPOBEJICH aHAIN3 CIIOCOO0B CHIKEHUSI CKOPOCTH CKaTBIBAHUSI OTLIETIOB JI0 O€3011aCHOTO YPOBHS B Hadale
COPTUPOBOYHBIX IMyTel. Pe3ysbTaThl. 1o pe3ynpraram aHanM3a ycTaHOBICHA HELEIECOOOPA3HOCTh HCIOIb30BaHUS
MPOTUBOYKJIOHA HA CITyCKHOM YacTH TOPKH 3a MOCIECOHMUM Pa3[eIUTENIbHBIM CTPEIOYHBIM NEepeBOIOM. TouedHble
PETyIATOPBI CKOPOCTH BATOHOB MOKHO MCIIOJIB30BATh I CHIKEHHUS CKOPOCTH CKaThIBAaHHS OTIIEIIOB B Ha4aje cop-
THPOBOYHBIX ITyTeH, HO 3TO MPUBOAUT K YXY/IICHHIO YCIOBHM pa3/ieleHus Ha MOCIEeTHUX Pa3/eIUTeNbHBIX CTpe-
JIOYHBIX NEPEBOAAX JJIUHHBIX OTLEHOB CO CIEAYIOUIMMHU 32 HUMU KOPOTKMMHU oTuenamMu. CHHXEHHEe CKOPOCTH CKa-
TBIBAaHMS OTLICTIOB B Hayajle COPTHPOBOYHBIX MyTEH MOYKHO OCYIIECTBISTH C MOMOLIBbIO OaIOYHBIX BaroHHBIX 3a-
MeAIUTeNeH Ha CTallMOHApHON MapKOBOW TOPMO3HOW MO3MLUHU. AJNTOPUTM YNpaBJIEHHs MapKOBOH TOPMO3HOH MO-
3UIMel JOBOJBHO NpoCT. Bce oTmensl Haao BBITycKaTh M3 Hee C 0Oe30macHOi ckopocThio. Ecim To4HOCTH
peanu3aniy 3aJaHHONW CKOPOCTHM BBIXOZA OTIENOB C MAapKOBOM TOPMO3HOM TO3WIMM HEBBICOKAs, TO
€CTh  BO3MOXXHOCTh  JIMKBUAWPOBATh  MOTPEITHOCTh  TOYEYHBIMH  PETYJIATOPAMH  CKOPOCTH  BAaroHOB.
Hayuynasi HOBH3HA. ABTOPOM BBISIBIIEHA NPOTHBOPEUMBAS B3aMMO3aBHCHMOCTb MEXKAY IOKa3aTeJsIMH KadecTBa
pasiesieHHs OTIENOB Ha Pa3JeIUTENbHBIX CTPEIOYHBIX NEPEBOIAX CITyCKHOM 9acTH TOPKHU U KaUECTBOM 3aIOJIHCHUS
COPTUPOBOYHBIX ITyTEH BaroHaMH B yCIOBHUSIX 00OpPY/IOBaHHSA COPTUPOBOYHON T'OPKH CHCTEMOH paclpeielIeHHOTO
perynupoBaHus ckopocTH oTienoB. IIpakTuyeckast 3HAYUMMOCTD. Pe3ynbTaThl nCcIeJOBaHNUS MOTYT OBITH HCIIOIb-
30BaHBI B CIIy4ae OCHAICHHS COPTHPOBOYHON FOPKU CHCTEMOIl paclpeeeHHOTO PeryIupOBaHUs CKOPOCTH OTILIe-
TOB.

Kniouegvie cnoea: copTUpOBOUHAs TOPKa; COPTUPOBOYHBINA IMyTh; YKIIOH ITyTH, OTLEI; TOYECYHbIE BarOHHbBIEC 3a-
MEJIUTENIN; TOPMO3Has TO3UIHS; CUCTEMa PACIPECICHHOTO PEryIUPOBAHNS CKOPOCTH
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REDUCTION IN CUTS SPEED AT THE BEGINNING
OF A SORTING SIDINGS, EQUIPPED
WITH QUASI-CONTINUOUS SPEED CONTROL SYSTEM

Purpose. Clear and uninterrupted operation of humps depends on the quality of technical equipment and control
technology of cuts speed. Technology of interval and purposive regulation of cuts speed is used at most humps. The
article discusses ways to reduce the cuts rolling speed to a safe level at the beginning of the sorting sidings equipped
with quasi-continuous speed control system. Methodology. It proposed three fundamentally different ways to re-
duce the cuts rolling speed at the beginning of the sorting sidings. The analysis of the ways to reduce cuts rolling
speed to a safe level at the beginning of the sorting sidings was conducted using simulation the process of cuts roll-
ing from humps equipped with quasi-continuous speed control. Findings. As a result of analysis, the inappropriate-
ness of opposite elevation using on the roll-out part of the hump after the last separation switch point was estab-
lished. Point regulators of cars speed can be used to reduce the cuts rolling speed at the beginning of the sorting sid-
ings, but this leads to a division conditions deterioration on the last separating switch points of long cuts with the
following after them short cuts. Reducing the cuts rolling speed at the beginning of the sorting sidings can be carried
out using the beam retarders on the stationary park retarder position. Control algorithm of park retarder position is
quite simple. All cuts should be released from it with a safe speed. If the implementation accuracy of the given
speed when release of cuts from the park retarder position is low, it is possible to eliminate the error with point regu-
lators of cars speed. Originality. The author has detected a contradictory relationship between the quality indicators
of cuts division on the separation switch points of hump lowering section and loading quality of sorting
sidings with cars in conditions of equipping the humps by quasi-continuous speed control system of cuts speed.
Practical value. Results of the study can be used in case of equipping the hump with quasi-continuous speed control
system of cuts speed.

Keywords: hump; sorting siding; slope of siding; cut; point car retarders; retarder position; quasi-continuous
speed control system
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MOJIEJIb TIPOLIECCA PEAJIM3ALIMY TSATOBOM CUJIBI
JIBUTATEJISI MATHUTOJIEBUTAPYIOIIETO MOE3/IA

Henn. Peanuszanus sru (PT) murarenem marautoneButupyomiero moezaa (MJIIT) mpoucxomut B mporecce
peoOpa30BaHMs MOABOJUMON 3JIEKTPUIECKON SHEPTUN B KMHETUYECKYIO TPH B3aMMOJCHCTBIM MAarHUTHBIX MOJIEH
HHAYKTOpa U gxops. Mcxonas M3 3TOro, LeENbl0 HACTOSIIEr0 HCCIEAOBaHMS SBISIETCS IOJyuYeHHE KOPPEKTHOTO
OIMCaHMs TaKOro 3HepronpeodpasoBanus. Meroauka. Ha coBpeMeHHOM 3Tane OCHOBHBIM W Haubojee YHHBEp-
CaJIbHBIM MHCTPYMEHTOM aHajJM3a U CHHTE3a MPOIECCOB M CHCTEM SIBIISETCS MX MaTeMaTH4YecKoe M, B YaCTHOCTH,
KOMIIBIOTEPHOE MOJEIUpOoBaHue. B To ke BpeMs, paauKalbHbE NPEUMYIIECTBA 3TOr0 UHCTPYMEHTA AEIAl0T elle
OoJsiee Ba)KHOM IMPELM3MOHHOCTH BHIOOpA KOHKPETHOW METOJMKH IpOBeleHUs uccienoBanus. OcoOyro akTyaib-
HOCTh 3TO MMEET I10 OTHOMICHHIO K CTOJNb OOJBIIMM M CIOXHBIM cucTeMaM, Kakumu siBisitoress MIII. Tlo sToit
npudnHe B pabore ocoboe BHMMaHWE yJENCHO apryMEHTHPOBAHHOMY OOOCHOBAaHMIO BBIOOpA CENEKTHBHBIX OCO-
OeHHOCTEH HcCiIenoBaTeNIbCKON HapagurmMel. Pe3yjabTarsl. [laHHbIC, TOMy4YEHHbIE B pe3ysIbTaTe aHAIN3a CYIIECT-
BYIOIIMX BEpCHUil Mozenu nponecca PT, cBUAETENbCTBYIOT O TOM, YTO KaKAas U3 HUX, HapsiAy ¢ IPEUMYIIECTBAMH,
00J1aiaeT M CYIIECTBEHHBIMH HEAOCTATKaMHU. B CBA3M C 3TUM, OJHUM U3 OCHOBHBIX PE3YJIbTATOB HCCIICHAOBAHUS
OBLIO MOCTPOEHHE MATEeMaTHIECKOW MOJENN YKa3aHHOTO IPOIEcca, COXPAHAIOMIEH NPENMYyINeCTBa YHOMSHYTBIX
BEPCHUil, HO CBOOOJHOHW OT MX HEJOCTaTKOB. B paboTe apryMeHTHpPOBaHHO O00OCHOBaHa pPalUOHAJIBHOCTH
npumMenenus (Uit neneil uccnemoBanus PT mBuratesns moesna) WHTETPATHBHOW XONHUCTHYECKON MapajurMbl, ac-
CUMWIHPYIOLIEH MPEUMYIIECTBA TEOPUIl JIEKTpUUECKUX 1ieneid u MarHuTHoro nojs. Hayyna nosusHa. [Ipuopu-
TETHOCTb CO3JaHMsI TaKOW MapaJurMbl, a TaKKe COOTBETCTBYIOIIEH Bepcuu Mojenu PT cocTaBisloT HaydHyrO
HOBM3HY HccnenoBaHus. IlpakTnyeckasi 3HauMMOCTh. OCHOBHBIM IPOSBICHUEM MPAKTHYECKONW 3HAUUMOCTH
paboTHI ABJISIETCS BO3MOXHOCTB, B CIIydae HMCIOJIB30BaHUS €€ pe3yJIbTaToOB, CYIIECTBEHHOTO IMOBBIMEHUS dPdek-
TUBHOCTHU JUHAMHUYeCKHX Hccnenoanuii MIJIII npyu o JHOBpEMEHHOM HETIOBBIIIEHUH UX PECYPCOEMKOCTH.

Kniouesvie cnosa: MarHUTONEBUTHPYIOUI MOE3/; TUHENHBI CUHXPOHHBIM JBUTATEIb, pealu3alus TSATU; UH-
TerpaTHBHas IapajurMa Ucciel0BaHus; MaTeMaTHYecKasi MOJIENb

BBenenne pazoBanusi. CyllecTBEHHas CIOXHOCTh TaKHX
HpOLECCOB MOOYXKIAET MCCIIENOBATENCH K MOUCKY
NyTel cernapaTHOrO W3yUYCHHUs MX OTACIBHBIX KOM-
HOHEHTOB, KIIFOYEBBIM U3 KOTOPBIX SBISIETCS AJICK-
TpoMarHuTHeI. Ero cocrapisiomue MOpPO3Hb
c ycmexoM MoryT usydatbes [4, 15, 17] B pamkax
TEOPHI ANEKTPUYECKUX Iereil aubo saeKkTpomar-
HUTHOTO moJisi. [109TOMy, pas3inyHble BEPCHH Ma-

Bo mHoOrux ciydasx st ueiaed TAru MarHuTo-
nepuTUpyromux moeszos (MJIII) memrecoobpasHo
UCIOJIb30BATh JINHEWHBIC CHUHXPOHHBIC TBHUTATCIH
(Jico [3, 12, 13, 14, 16]. TIpoueccsl, mpoTekaro-
IIME B UX Pa3IMYHBIX 3JIEMEHTaX, B3aUMOCBS3aHbI
U SBISIOTCS YACTAMHU EIUHOTO Cymeprporecca
AJIEKTPOMArHUTHO-MEXaHUIECKOTO  DHEPromnpeoo-
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TemMaruueckoit moxenn (MM) mporiecca Taru (ITT)
JICIT MIIIT crpomnwuch [8, 9, 19] ucxoms u3 yka-
3aHHBIX aBTOHOMHBIX MapagurMaM ero MoJeIIUpO-
BaHUSI.

Ananu3 cBorcTB umeromuxcs sepcuit MM IIT
JICJ] MJIII cBumeTensCTBYET O TOM, YTO Ka)kmas
U3 HUX 00JIa/laeT KaK MPEenMYIIecTBaMH, TaK U He-
JocraTkaMu. Bepcun Mopenu, UCXOAAIINE U3 TEO-
PUHM BJIEKTPUYECKUX LeTnel, IOCTaTOYHO (YHK-
MOHa bHBI. HO OCHOBHBIM HEIOCTaTKOM HX ypaB-
HEHUH SBISETCS HECTAIIMOHAPHOCTh KO3 HIIreH-
TOB, BbI3bIBaEMas IMEPEMCHHOCTbIO 3HAYCHUU
B3aMMHBIX WHJIyKTUBHOCTEH KOHTYpOB (pa3 skops
KaK MeXay co0OH, Tak M ¢ KOHTypaMu BO30yXKIe-
HUS, TIPH W3MCHEHHH TOJIOXKEHHs MoyTtepa (moj-
BkHBIX uvacTedt JICJ[). DTO CHM)KAaeT IEHHOCTH
BEpCHIA, TIOCKOJIbKY 3aTpYAHSET MOJEIMPOBaHUE
[11]. Bepcum xe momenu, GasupyroLIHecs Ha TEO-
pUH T0JI1, MEHEEe PECYPCOSMKH, OJHAKO U MEHEe
MPAaKTHYHBl — BCIEACTBHE OTPAHHYCHHOCTH WX
OOIITHOCTH, BBI3BIBAEMOI HEJIOCTATOYHOH aJieKBaT-
HOCTBIO MPENOCHUTOK TIOCTPOSHHS dTHX BEPCHH.

3a0aua uccnedosanus. V3noxxeHHOE CBHIE-
TENBCTBYET 00 akTyanbHOCTH co3fanus MM IIT
JIC MIJIII, accuMmIMpyrOme JTOCTOMHCTBA
UMEIOIINXCS BEPCUI TaKOW MOJIENH, HO CBOOOIHOI
ot ux HemoctarkoB [5, 11, 18, 20]. Cunte3 Takoii
MOJICNIN SIBJISIETCSI OCHOBHOM 3aJladeil HacTosIuen

paboThL
Memoouxa uccredosanus. Tara JIC]] sBnsercs
pe3ynbTaTOM  B3aUMOJCHCTBHS  HETOABHIKHBIX

JIpyr OTHOCHUTENBHO Jpyra MarHUTHBIX IOJEH TO-
KOB €ro MHAyKTopa u sxops. Ilostomy, mpu mo-
crpoenun uckomoir MM IIT, B kauecTBe ero nat-
TepHA JOJDKEH OBITh IPHUHSAT 3JIEMEHTAPHBIM aKT
Takoro B3aUMOJCUCTBHsI, KOTOPBI MOXET OBITh
OIMcaH BhIpa)KeHUEM 3akoHa Amrepa [1]:

Y

fo, =hy 17 By, -Sinay,,

rae f,, — cnna B3ammopeiicTus monei, cosma-

BaeMbIX TOKaMHM, TEKYIIUMHU B IEMSAX ¥ -TO MPSIMO-

JIMHEHHOTO JJIEMEHTAa A -TO KOHTypa HWHAYKTOpa
. A

JIBUTATEJNSI U €TO0 SIKOPS; IM, ", BKX, a,, — JUIMHA

YIIOMSHYTOTO DJIEMEHTa, TOK B HEM, WHAYKITUSI

(yCIOBHO OMHOPOIHOTO — B TpeAeiax 3JCMEHTA)
MarHATHOTO TI0JI, B KOTOPOM 3JIEMEHT HaXOIHUTCH,

a TaKxKe yroi Mexay i° u B,, -

PacuetHpie cxXeMbl OOMOTOK BO30YXKICHUS
U SAKOpsA ABUTraTeid MNPUHATBI, COOTBECTCTBCHHO,
B BHJE Ha0Opa raJibBaHMYECKH HE CBA3aHHBIX TO-
KOIIPOBOIAIINX TPSIMOYTOIBHBIX PaMOK, COOTBET-
CTBYIOIINX KOHTYpaMm KpHUOMOAYyJed, u Tpexdas-
HOU 3JICKTPUUECKON CETH, KaXIoW (aze KOTopoi
COOTBETCTBYET OTAENbHBIA KOHTYp. Toraa, B mpo-
W3BOJIBHBIII MOMEHT BPEMEHH TSTa JIBUTATENS OII-

peaeciimMa KakK BCEKTOpHas CyMMa BCIWYHH ka

VA e[,N], x €[l 4], xaxmgas u3 KOTOPBIX — 3TO
pe3yibTaT B3aUMOAEHCTBHS IIOJISI TOKA B OJHOM U3
YHOMSAHYTBIX MPSIMOJMHEHHBIX 3JEMEHTOB KOHTY-
POB BO30YKACHUS C TOJNEM, CO3/1aBaeMbIM TOKaMHU
SAKOpHON 00OMOTKH. B mocnennem BeipaskeHuu N —
YHCIIO KOHTYPOB BO30YKACHHS JBUTATEIIs.
OJeKTpoAMHAMHKA JBUTATENl MOXET ObITh
olnucaHa ypaBHEHHUSAMH BTOporo 3akoHa Kupxroda
[1]. MTogcucrema «KOHTYp BO30YKACHHS — SKOP-
Has OOMOTKa», Kak TpaBWIIO, BeIpOKAeHa [7] —
€MKOCTHBIE IIOKa3aTeIu €€ 3JIEMEHTOB IpeHeOpe-
JKUMO HM3KH. IIoTOMy, B MHEpUUaANBHONW CUCTEME

orcuera Qi" V ve[AB,C,M] yka3zaHHbIM ypaB-
HECHUSIM MOXKET OBbITh mpuaH By [1]:

d. d. .
p-al"+Lml -a|“+rp-|”

vV p,ue[ABCM],

u,=L

1)
rae U, L, L,.r Vpue[AB,CM] - anexrpo-
JBUKYIINE CUIBI (3. . C.) HCTOYHHKOB, COOCTBEH-
HbIC ¥ B3aUMHbIE HHIYKTHBHOCTH, & TAK)Ke OMHYe-
CKHE COMpPOTHBIICHHS JIIEMCHTOB OIMCHIBAEMON
napiuansHoii cyocucremsr; i° V pe[A,B,C,M] -
KOHTypax sKOpS ©  BO30OYXICHHS,
— HMHJEKCHI, COOTBETCTBYIOIIHE STHM

TOKA B
AB,C/M
KOHTypaMm; t — TeKyIiee BpeMs.

ITockoneky Moytep JICJ] nmBmxkercs OTHOCH-
TEJIBHO €r0 CTaropa, TO MHOTME M3 BeanduH L,
Vp,ue[A B,C,M] umeroT mepeMeHHBIC BO Bpe-
MEHHU 3HA4YeHHs. JTO, B CBOIO OYEPElb, MPUBOIUT
K HECTAI[MOHAPHOCTH KOA((UIIMEHTOB ypaBHEHUH
(1) u, kKaK OTMEUEHO, CYIIECTBEHHO CHIKAET IIPaK-
THYECKYIO IIEHHOCTh Bepcuu Monaenu. C Ienbro
ycTpaHenusi ykazaHHoro Hemoctarka, [IT JIC]
cienyeT paccMaTpuBaTb OTHOCUTEIBHO KOOpIU-
HATHOW CHUCTEMBI, B KOTOPOW OOMOTKH JBUTATENs
YCJIOBHO B3aMMHO HETIOABMXHBI. B TakoM KauecT-
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Be ynobOHee Bcero mpuHaATh [11] orcuerHyro cumc-
temy C,n" VA e[L,3], KeCcTKO CBS3aHHYK C O -
TBIM KOHTYPOM OOMOTKH BO30Y KICHHS JIBHIATEIIS.
WNuepumanbHoi CmnX Yie [1,_3] , B 001IIeM ciyuae,

He siBIsieTcsl. B To ke Bpemsi, BeChbMa KelaTeabHO
[6], uTOOBI ypaBHEHUs, OMUCHIBAIONINAE IUHAMUKY
anekTpudeckoit moacucreMbl JIC/] B koopauHaTax

N Ve [1,_3] , IMETIM TeH30pHbIH Xapakrep. Takue

ypaBHeHHs: MOryT ObITh monydensl [10], u3 pa-
BeHCTB THma (1), myTeM 3aMeHbI B HUX JIOKaJIbHBIX

D
TIPOM3BOIHBIX aOCOIOTHBIMH g a TaKxe

nepexoia B 3TUX PAaBEHCTBAX K KOOpJMHATAM
N VA e[1,3]. o OTHOWIEHHIO K HPOU3BOILHOMY

BEKTOPY nB, COOTHOIIICHUE MEXKIY YIMOMSIHYTHIMU
MPOM3BOIHBIMH, KaK u3BeCcTHO, nMeeT By [10]:

D d
B _ B
a“ _an +eBKv'0)K‘an
rae g, ®, — CHMBOI JleBu-YuBura, a TaKxe
BEKTOP YIJIOBOM CKOpPOCTH BpalllEeHUs

cn' vie[L3].

Ilocne ocymiecTBiIeHUd YKa3aHHOW 3aMEHbI
NPOU3BOIHBIX, COOTHOILCHUS, TToNy4eHHbIe u3 (1),
MpHOOpETArOT TEeH30pHBINH XapakTtep. [loaTomy,
B YaCTHOCTH, WX ()OpMa CTAaHOBHUTCS WHBapHAHT-
HOI71 110 OTHOLICHUIO K KOOleI/IHaTaM, B KOTOpBIX
OHHN 3allhuCaHBbI. Hepexoz[ XKE K KOOp,Z[I/IHaTaM

N VA €[1,3] BBIMOTHACTCS COTIACHO BBIPAKEHH-
M

N =9-i"VYpe[AB,C,M]; L[13],

rue Sﬁ — MaTpHIa npeodbpazoBaHUs KOOPAHHAT:

Sk—ﬁv e[AB,C,M];1€[1,3]
p_aip p 1 Dy oy ’ d .

B cBoro 0o4epcCib, BbIPpAXKCHUA JIA CBsI3el BHUJa
n"=n"(")vpe[AB,C,M;xe[L3]

MOTYT OBITh TOJy4CHbI HCXOAS W3 TOTO, HTO
B IIPOIIECCE OMUCHIBAEMOT0 KOOPAMHATHOIO TIpe-
obpazoBanus [11] ofHUM U3 €r0 UHBAPHAHTOB SIB-
JISIFOTCS, B YACTHOCTH, AMIUTMTYIHBIC 3HAUCHUS
TOKOB, MPOTEKAIOIINX B PACCMATPUBAEMBIX KOHTY-
pax.

C MOMOIIBIO K€ MaTPHITHI

oi° AT
9 :W: (89)

Vpe[AB,C,M];1e[L3],
OCYIIIECTBUMO 0OpaTHOE IpeoOpa3oBaHue

i"=9".n" Vpe[AB,C,MI;Ae[L3]. (2

ITocne ommcaHHBIX HpeoOpa3oBaHUi, ypaBHe-
Hu (1) nprodperaroT Bu

u, = Lx-(%nk +€,, O, -n")+

d o
+L}\,Q'(ang+egac'ma ‘M j+ rx'n}h

Vl,v,g,ce[l,_3]. 3

Takum oOpa3oM, ypaBHeHHUs (3) UMEIOT MOCTO-
SHHbIE KOY(Q(UIMEHTHI, SBISAIOTCS TEH30PHBIMH
u onuchIBaloT AnnekrponuHamuky JICJ[ B xoopau-

Hatax n" Vle[l,_3]. IMocne mx (kak mpaBwiO —
YHCIICHHOTO) pa3pelICHUs] OTHOCUTEIBHO Mepe-
MeHHBIX 1" VA €[L,3] mocneHue ¢ HCIONB30Ba-
HHEM COOTHOIIECHU (2) MOTyT OBITh Tpeobdpa3o-
Banbl B koopauHatel i V pe[A,B,C,M], 3naue-
HUSI KOTOPBIX OMPEJEINSIOT pealbHble TOKU B KOH-
Typax JBUTATEIS.

MarnuthHas uens JIC/ npennonaraercst HeHa-
cermennoi [9]. TTosToMy OHa MOMKET CUHTATHCS
YCIIOBHO-JIMHEHHON MOJICUCTEMON H, CleAoBa-
TEJIbHO, K Hel TIPUMEHUM MPHUHITUT 4 TATHBHOCTH.

Hcxons m3 srtoro, pesynprupyromiee 1mone (assl
SKOPHOW OOMOTKH JBUTaTelsl B JIIOOOH TOUKE reo-

O=, VyelL3],

B KOTOPOM pEalibHO JBHIKETCS MOYTEP OTHOCHU-
TENBHO CTATOPA, MOXKET OIMUCHIBATHCS KaK CyMMa
MoJIeH, CO3/IaBacMbIX B 3TOW TOUYKE OTICIbHBIMU
KaTyIIKaM{ Takoi (ha3bl.

METPHUYCCKOT'O MMPpOCTpaHCTBA

B, =Byiq et e =1
VKe[ﬁ], q e[1,_3], (4)

rae N, — 4UCIO TPSMOYTOJNBHBIX KaTymiek [3],
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haz

Vxe [LTp] qe[l,3] - npocrpancTBeH-

BKJIFOYCHHBIX B

B¢ Buxg

HBbI€ KOMITOHEHTHI WHAYKLWH OIS, CO3AaBaeMOTo
Bcell oOMOTKOW (ha3pl o SKOps, a TaKKe ee OT-
JIENBHBIMHA KaTyIIKaMHA B PacCMaTpUBaeMOU TOUYKE
3TOTO MPOCTPAHCTRA.

B cBowo  ouepens,

KOKIyI0 U3 STKOPST;

3HA4YCHUA BCIINYHUH

S VKe[l,_np]; qe[L3] onpenemmmsl cormac-

HO BBIpaKeHUsM [2]:

*

1
——X

-

B

okl —

{|:F12(k 0, M +Fy ks, 0, n)} e

o= X!

N=2,—h
yz Xg+l+d
|:F12 (ky, v+ F12(k4a v, n)} } ;

Xq+l
v+ m=2,+h

1
BaK2=_4_TCX

{|:F12(k’(P’n)+F12(k41(an)J -

w1=x+

Np=2p—h
Vo=ypta+d
_[Flz(kzi\l’ )+ Fp(ks, v ,TI)J } ;

170 J iy =z+h
Mn,=%-h
(Falk o m]" "
m=2y+h
_ 2
=n-arctg K¢ -
N (K +0)2 +¢% +1’

kK+o

\/(P+1”I \/7

—@-ar sh—=—

*

1
—-—x

k3 — 4'7'[

X{[fao(k o)+ (K, @ ,n)J -

#1=Yp2

yo=ypt+a+d
—[ f(ky, w, M)+ £ (Ks, n)} +

Yy =Yypt+a

[31(k1,(|) n) + fa (ks (P T])J 70 -

1=

N=25-h
‘V2 Xp+l+d
[f31(k2a\l’ )+ fa(ky v, n)} }

vi=rg m=29+h
VkelLn];
. (K, @, 1) =—n-arsh—~ @
31\™ N - B e
Vo' +1°
+p-arctgy (k+¢)m
o-\J(k +9)? + 9>+’
kK+2-¢
fip (K, @, M) =+/2-1-ar sh——=——_ —
* JkZ+2.1?
(k+2-¢)'m

—k -arctg
k-yJ(k+¢)2+¢° +1’

f (k, @, m) = fu(k, 0, M)+ fip(k, @, M) 5
ky =k =[(yo—a)~ (%~ )I;
kp =k, =[(yo +2)~ (% +DI;
ks = ks =~I(Yo +a) + (%~ 1)I;
ky =ky =—[(yo —a) + (% + 1], ()

— IUIOTHOCTh TOKA HAa €JWHULY IUIOLIaAN
— BBICOTA

rae
ceueHnss oOMOTKM Kartymkw, 2-h,d
U TodmuHa ee ooMotkm; 2-1, 2-a — pasmepsl ee
e BHYTPEHHETO NPOCTPAHCTBA; Xy, Yy, Z, — KOOp-
JIUHATBHI TOYKH TPOCTPAHCTBA, B KOTOPOU OMHUCHI-
BaeTcs ToJie.

B Beipaxkenusix (5), kpome Toro:

"=0,5-i-w-(h-d)™, (6)

rae W — 4KCJI0 BUTKOB KaTyIIKH.
Hanee, B (6), BMeCTO i, MOCIEIOBATENHHO IO~
CTABJIAIOTCS 3HAaueHHs (PA3OBBIX TOKOB SIKOPS

i” V pe[A B,C] u, cornacuo (5) u (4), Haxoasrcs
xomnonentol B, Vpe[AB,C], qe [1,_3] HHITYK-

LU TOJIST, CO31aBAEMOT0 KayKIbIM U3 HUX.
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Ipocrpancreo  cucremsr  OF, Vxe[l,_B] -

eBKINA0BO. [109TOMYy MIHOBEHHOE 3HAYEHHE MO-
IyJsl BEKTOpa MOJHOM MHAYKLHUH I0JIs, CO3aBae-
MOTO TOKOM P -OH (a3bl SKOps, MOXKET ObITH Om-

PEACICHO BBIPAKCHUEM

B, =,B% e?; el=1
vpe[AB,Cl,qe[L3].

Kaxnoe u3 3Hauenuii B, npomnopuuoHaabHO

HOPOKAAIOIIEMY €ro 1%, U3MEHSIOMEMYCsl KOCH-

HycOMAaIbHO. [109TOMY MHIYKIHS TOJHOTO MOJIS
SKOpSA B 1ie70M m3MenseTcs [11] cormacHo 3akoHy

B =15 B ceXp(-j-o-t);

j(2) =1,
rae B, ® — aMIUIMTyla M 4acToTa M3MEHEHMs
WHIYKITAA 10T OJTHOT'O 3 TOKOB
i* v pe[AB,C].

Pezynemam uccnedosanus, eepuchuyupyrowsuii
e2o KoppekmHocms. Ha OCHOBaHWU CHUHTE3UPO-
BanHoii MM IIT JICJ] MJIII Gblia moctpoeHa co-
OTBETCTBYIOIIAS KOMITBIOTEpHAs MO/IEJTb.
B xavecTBe mpuMepa pe3yibTaTOB (PYHKIIMOHHPO-
BaHUS TIOCJIEHEH, Ha puc. 1 mpuBeneHa morydeH-
Has OCITIUIIOTpaMMa CHJIBI TSATH JBHUTATEIS B pe-
s)kume pasrona MIIIL. Anamu3 3TOoro pesyibTaTa
CBUJETEIHCTBYET O PabOTOCTIOCOOHOCTH MOJIENEH,
a T03TOMY — 00 MX TPUTOTHOCTH, TOCie Bepudu-
Kalliu 1 HeOOXOUMOM aJanTaliy K Hy»J1aM KOH-
KPETHBIX MPAKTUYCCKHUX 3a]1a4, K HCIOJb30BAHUIO
B mpouecce ucciaenoBanuid auHamuku MUIL, oc-
HameHHbIX JIC/I.

tmf, N

140000
120000
100000

80000

time, s

60 80 100 120 140

Puc. 1. Cuna tsru JICJT MJITT
Fig. 1. Tractive effort of LSM MLT

Hayuynasi HOBH3HA M IpaKTHYecKast
3HAYUMOCTh

Hayunas HOBM3Ha HccielOBaHMs ycMaTpUBa-
€TCsl B IPUOPUTETHOCTH CO3[aHMsI HHTETPaTHBHON
XOJIMCTUYECKOW TMapaJiurMbl, aCCUMMIIMPYIOIIEH
MPEUMYILECTBA TEOPUH JJIEKTPUUECKHX LENen
W MarHuTHOTO TOJs, a TaKKe€ COOTBETCTBYIOIIEH
Bepcun monenu PT nBurarens.

[IpakTHueckass 3HaUMMOCTb CO3JIaHUS YyKa3aH-
HBIX MapagurMbl U MOJEIN COCTOMUT, OYEBH]HO,
B BO3MOXXHOCTH CYILECTBEHHOI'O IMOBBIIIECHUS 3¢-
(EKTHMBHOCTH  JAWHAMHYECKUX  HMCCICAOBAHHI
MJIII, Ha ¢oHE HEMOBBINICHUS HX PECYpPCOEMKO-
CTH, TIPH HCIIOJNB30BAHUU B HX IMPOLECCE CO3/aH-
HBIX TapaJiurMbl U MOACIIH.
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MO/EJIb TPOLIECY PEAJIZAIII TATOBOI CUJIM JIBUT'YHA
MATHITOJIEBITYIOUOI'O ITOI3JIA

Merta. Peanizanis tsru (PT) neuryHom marHitosesiTyrodoro noizna (MJIII) BinOyBaeTbes y mpoleci epeTBo-
PEHHS eJIEKTPUYHOI eHeprii, [0 NOAAETHCS, B KIHETHYHY ITPH B3a€EMOJIi1 MarHITHUX ITOJIB 1HAYKTOpA 1 sikopst. Buxo-
JISI9M 3 IHOTO, METOIO JIOCIII/DKEHHS € O/IepyKaHHs KOPEKTHOTO OITUCY TaKoro eHepromneperBopents. Meroauka. Ha
Cy4JacCHOMY eTalli OCHOBHUM 1 HalOUTBIII YHIBEpCATFHIM 1HCTPYMEHTOM aHANI3y i CHHTE3y MPOLECIB Ta CUCTEM € iX
MaTeMaTH4He i, 30KkpeMa, KOMIT FOTepHE MOJICIIOBaHH:. Y TOH jKe 4ac, paJuKajbHi epeBaru LbOro iHCTPYMEHTa
POOIIATS 111 GBI BaXKIIMBOIO MPENU3iIHHICTh BHOOPY KOHKPETHOI METOIUKHU TIPOBEACHHS AOoCimKeHHsS. Oco0MHBY
aKTyaJbHICTh II€ Ma€ CTOCOBHO HACTIIBKH BEIMKHX 1 CKIagHUX cucTeM, sskumu € MIIIL. I3 miei npuawan y pobori
ocoOrBa yBara mpuaijieHa apryMeHTOBaHOMY OOTPYHTYBaHHIO BHOOPY CENEKTUBHHUX OCOOIMBOCTEH TOCIITHUIBKOL
napagurmu. PesyabtaTu. Pesyneratu anamizy icHyrouux Bepciit Mozeni mpouecy PT cBiggaTs mpo Te, 0 KOXKHA
3 HHX, TOpSA] i3 MepeBaraMu, Ma€ ¥ iCTOTHI HEHOMIKH. Y 3B’S3Ky 3 I[UM, OJHUM i3 OCHOBHHUX PE3yJIbTATIB LHOTO
JIOCII/DKEHHsT cTajia 1mo0yJjoBa MaTeMaTW4yHOi MOJEJl 3a3HAaueHoro Ipolecy, Lo 30epirae IepeBard 3rajaHux
Bepciid, ane BimbHOI BiJ iX HEMOMIKiB. Y pobOTI apryMEeHTOBaHO OOIPYHTOBaHA PaIliOHANBHICTh 3aCTOCYBaHHS (ISt
wineit pocmimpkenns PT qeuryHa moi3ma) iHTErpaTHMBHOI XONICTHYHOI MapajurMu, 10 aCHMITIOE TIEpeBaru Teopii
CJICKTPUYHMX JIAHILIOTIB 1 Mar”iTHoro nons. HaykoBa HoBHM3HA. [IpiopuTeTHICTH CTBOPEHHS TaKOl MapajurMy,
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a TakoX BinmoBimHOi Bepcii momeni PT cTaHOBIATE HayKOBY HOBH3HY HociikeHHA. IIpakTH4YHA 3HAYMMICTD.
OCHOBHUM TPOSIBOM MPAKTUYHOI 3HAYMMOCTI POOOTH € MOXKJIIMBICTB, y BHUIIAJKy BHKOPHCTAHHS i pe3yNbTaTiB,
ICTOTHOTO MiABUIIEHHS e(QEeKTHBHOCTI IWHaMivyHHX JocmimkeHns MIIIl mpm ogHOWacHOMY HEMiIBHIIEHHI iX
PECYPCOEMHOCTI.

Kntouosi cnosa: MarHITONEBITYIOUHI MOT31; MIHIKHUN CHHXPOHHUN TBUTYH; peati3alis TSATH, iHTErpaTHBHA Ia-
pamurma JIoCIiKeHHs ; MaTeMaTHIHa MOJICTb
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IMPLEMENTATION MODEL OF MOTOR TRACTION FORCE
OF MAGLEV TRAIN

Purpose. Traction force implementation (TFI) by the motor of magnetic levitation train (MLT) occurs in the
process of electric-to-kinetic energy transformation at interaction of inductor and armature magnetic fields. Ac-
cordingly, the aim of this study is to obtain a correct description of such energy transformation. Methodology. At
the present stage, a mathematical and, in particular, computer simulation is the main and most universal tool for
analysis and synthesis of processes and systems. At the same time, radical advantages of this tool make the preci-
sion of selection of a particular research methodology even more important. It is especially important for such
a large and complex system as MLT. Therefore the special attention in the work is given to the rationale for choos-
ing the research paradigm selective features. Findings. The analysis results of existing TFI process model versions
indicate that each of them has both advantages and disadvantages. Therefore, one of the main results of this study
was the creation of a mathematical model for such process that would preserve the advantages of previous versions,
but would be free from their disadvantages. The work provides rationale for application (for the purposes of research
of train motor TFI) of the integrative holistic paradigm, which assimilates the advantages of the theory of electric
circuit and magnetic field. Originality. The priority of creation of such paradigm and corresponding version of Fl
model constitute the originality of the research. Practical value. The main manifestation of practical value of this
research in the opportunity, in case of use of its results, for significant increase in efficiency of MLT dynamic stud-
ies, on the condition that their generalized costs will not rise.

Keywords: magnetic levitation (maglev) train; linear synchronous motor; traction force implementation; integra-
tive research paradigm; mathematical model
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JOCJI)KEHHS NNEPEJJYACHOI'O PYHUHYBAHHS
JAJIIBOBETOHHUX HIITAJT HA MATICTPAJIBHUX KOJIIAX
AT «YKP3AJII3HUILIA»

Meta. B po0oTi HEOOXiTHO BUSBUTH NMPUYMHH IIEPEIUaCHOTO pyHHYBaHHS OETOHY IIMaji YKpaiHCHKOTO BUpPOO-
HuKa. MeToauka. 3acTOCOBaHI MiKpOCTPYKTYpHHM, (hpakTorpadidHuii, MiIKpOPEHTI€HOCIIEKTPaIbHAN aHAJI3! 10-
3BOJIMJIM BUSIBUTH TIPUYMHHU IIBUAKOIUTMHHUX KOPO3IMHUX TporieciB y Oetoni. Pe3yabTaTu. B maniit po6oTi mpen-
METOM JOCIIJDKEHHS € LIEMEHTHHUI KaMiHb i CTPYKTypa OCTOHY NepequacHO 3pyWHOBAHOI 3ai300€TOHHOI IIITaNH.
Ueprose nepeadacHe pyHHYBaHHS 3a71i300€TOHHOI IIMAK JOCITIHKYBAIOCS 3a TPaIUIiifHOIO i JIHImponeTpoBCh-
KOT'0 HaI[lOHAILHOTO YHIBEPCUTETY 3ali3HUYHOTO TPAHCIIOPTY iMeHi akamemika B. Jlazapstaa (JIHY3T) meTomukoro,
o 3amarentoBana 'y 2009 porii. I[TpoBeseni B po6oTi HOCTIKEHHs TTOKa3anu: 1) HasBHICTH y IIEMEHTHOMY KaMeHi
NMoOJIU3y MICOYHUX YacCTOK IMiJABMIIEHOI KOHIEHTpalii XJI0py Ta JIy)KHHX METaliB, IO MEPEeBUILYIOTh JOMYCTUMI
HOPMH 3a JiI0OYMMH CTaHAapTaMH; 2) Pi3HO3EPEHHICTh KPUCTANIB IIEMEHTHOIO KaMEHIO BKa3y€ Ha HAJTUIIOK BOJIU
3aTBOPIOBAHHS B OCTOHHIH CyMmiii; 3) HASBHICTH Y CTPYKTYPi IEMEHTHOTO KaMEHsI BOJIOKOH ICPEBUHH, sIKi 3a paxy-
HOK JIOJIATKOBOTO BCMOKTYBaHHSI BOJIOTH ITPUIIBUALIYIOTH XiMIUHI peakuii y OeTOHi Iimai, oo eKCIUTyaTyeThCs;
4) WBUIKICTH JIyKHO-KPEMHIEBOKUCIIOT peakiil y OeTOHI [iman ckiagae 5 MKM Ha pik; 5) HasBHICTh BOJIOKOH Jepe-
BUHHU BKa3ye Ha He3aJ0BiIbHY YHCTOTY PO3CIBY 3allOBHIOBauiB, 30kpeMa mieOeH:o; 6) XJI0p-ioHH NOAATKOBO MpH-
MIBUIIYIOTH PeakKUil CTPYKTYPHOI'O IIEPETBOPEHHS IIEMEHTHOTO KameHro. HaykoBa HoBH3HA. B po0oTi BHsBICHO
MIBUJIKICTh KOPO3IMHUX MpOoIeciB y OSTOHI mma yKkpaiHCchKoro BupoOHuKa. [Toka3zaHo BIUIMB HA MIBHIKICTH KOPO3ii
3a0pyAHEHOCTI KPYITHUX 3allOBHIOBAYIB OPTaHIYHUMH PEYOBHHAMH, 30KpeMa BOJOKHAMH aepeBuHH. [lokazaHi xa-
paKTepHi O3HAKM MPHUIIBUIIMICHHS KOPO3iHHIX MPOIECiB BHACITIZOK HAUIMIIKY BOJAW 1 XJIOpP-IOHIB y CTPYKTYpi IIe-
MeHTHOro kameHto. IlpakTuyHa 3HaYNMicTh. BUsBIEHHS XapakTepHUX O3HAK IEPeA4acHOr0 pyHHyBaHHsS OCTOHY
MiIpeHKOBUX OCHOB JIO3BOJISIE TIONIEPEIUTH MAaCOBUH BHXIJ 13 JIa/ly 3a1i3HUYHUX HIMNaJl, SKUH HEraTUBHO BIUIMBAE Ha
Oe3neky pyxy 3amizHuiero. 3ampononoana JITHY3T Ge3nponaproBaibHa TEXHOIOTiS BUPOOHHIITBA 3a1i1300€TOHHUX
IIman i3 3aCTOCYBAHHAM BITYM3HSHHX MONIKApOOKCHIATHHX 100aBOK 10 OeTOHIB (Y KOMIUICKCI 3 3aCTOCYBaHHIM
JUIsl TIPOCiBaHHs MICOCHIO MPOCIBAalOUMX MOBEPXOHb HOBOTO MOKONiHHA BupoOHuuTBa [T «Jloris») macte 3Mory
BUBECTH YKpAiHCHKMX BHPOOHHKIB 3aJ1i300€TOHHMX IIIal Ha €BPONEHCHKHH piBeHb. KOHTPOJIb MIKpOCTPYKTYpHHUX
XapaKTEePUCTHK i/l 4ac BUPOOHWYOrO MPOLECY J03BOJIMUTH IONEPEIKaTH MACOBI NeperyacHi pyiHHyBaHHS OETOHY
LIman i IpoIaBaTH MPOLYKIII0 YKPaTHCHKHX 3aBOJIB 3a1i300€TOHHHX IIMNaJl €BPONeHchKiM crioxkiBavam. [1pu 1po-
MY NPONOHOBaHHH METOJ KOHTPOJIO SKOCTiI OETOHY € HepyiHIBHUM 1 He MOTpeOye BUBEACHHS 3 JIaay LIOHHO BUIO-
TOBJICHUX 3aJ11300€TOHHUX IITIA.

Knrwouogi crosa: 6eTOH; MIKPOCTPYKTYpa IEMEHTHOTO KaMEHIO; 3aJ1i300€TOHHI LINai; nepeayacHe pyiHyBaHHS,
MOP(OJIOTis CTPYKTYPHUX CKIAZOBHX; CIICKTPAILHHI aHAai3
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Beryn

[lepemyacHi MacoBi pyWHYBaHHS ITiIpEHKOBUX
OCHOB B YKpaiHi Ta iHMHMX KpaiHax OyBIIOTO
CPCP - 3BuuHE sBHIIIE B SKCIUTyaTallii 3aii3HUY-
HUX KOJIH MPOTATOM OCTaHHBOTO AecATHIITTA. Ha
10 1po0seMy, IO CYNPOBOMXKYETbCA 3HAYHUMHU
BTpaTaMu pecypciB, B KpaiHax €BpPOCOIO3Y 3Bep-
HYJIM yBary HayKOBIIi, BUPOOHUKH 3a1i300€TOHY Ta
eKCIUTyaTalllfHAKY e HaNpHKIiHII MUHYIOTO, Ha
MOYaTKy HHUHINIHBOTO THCAYOMTTS [11]. Bueni
0araTth0X KpaiH CBITY 3 OTJISAIYy Ha MPOIECH CTPYK-
TYpOYTBOPEHHSI LIEMEHTHOTO KaMEHI0 B OeTOHaX
Ppi3HOTO MpHU3HAYEHHS BUSBIIN BIUTUB Ha CTPYKTY-
POYTBOpPEHHS K BHYTPINIHIX (XIMIYHUHN CKIaf 1ie-
MEHTHOTO KaMEHIO, 10 PEeCTPYKTYpU3YEThCS
y 3plIoMy Billi), TaK i 30BHIIIHIX (akTopiB (HasB-
HOCTI arpecHBHOTO CepeJIOBHINA, XiMIiYHUX 1 opra-
HiuHuX 3a0pynmens) [1-4, 8, 11-13]. Sk miacy-
MOK 3000yTHX HayKOBUX 3HaHb B Wil ramysi,
y 2009 p. 28 kpainamu €Bpocoro3y Oyi0 MpHiiHs-
TO HOBHU CTaHIAPT, SKHA Tepemdadae 3acTocy-
BaHHsI MIKPOCTPYKTYPHHUX IOCIIDKEHb 3 KOHTPO-
JIIO0 SKOCTI OETOHY 1 IEMEHTHOro kameHro. Ha
Kajb, 3ycH/uId JIHIMpOneTpoBCHKOrO HAI[iOHAJb-
HOTO YHIBEPCUTETY 3allI3HMYHOTO TPAHCIIOPTY iM.
akaa. B. JlazapsHa 3 BOpOBaIKEeHHS IOJOXKEHHS
€pporeiicekoro crannapry EN 1504 «Marepianu
1 cHCTeMU IJIST PEMOHTY 1 3aXHCTy OCTOHHHX KOHC-
TpyKWii» [7] B HOBWIA YKpalHCBKHH CTaHOApT 3
BHPOOHHMIITBA 3aT1300€TOHHUX MM HE 3HAUILIH
OIATPUMKA B KEpiBHULTBA Hi YKp3ali3HHLI, Hi
B MiHICTEpPCTBI pEriOHaTBLHOTO PO3BUTKY, OYIiB-
HHUILITBA Ta >KUTJIOBO-KOMYHAJIBHOTO TOCHOJApCTBA
VYxpainu, Ha BiIMiHY BiJf KpaiH MHTHOTO COIO3Y, JI€
HOPMH €BPONEHCHKUX CTaHAapTiB B)KE BIIPOBa-
JkeHo B HUHIITHEbOMY 2016 porti.

MiHICTEepCTBOM PETiOHATBLHOIO PO3BUTKY, OY-
JTIBHHLITBA Ta KUTIOBO-KOMYHAaJIBHOTO TOCTIONApC-
TBa YKpaiHu OyJ0O BIPOBaJXEHO B YKPaiHCHKHUI
CTaHIapT HOBi OpPUTIHAJIBbHI BHIPOOYBaHHS, SKi HE
JO3BOJIIIOTH BU3HAYUTH JOBTOBIUHICTE OETOHY,
a MIPOTNIOHOBAHHUH HAIIMM YHIBEPCUTETOM €BPOIIEH-
CBKHMH miaxin mo 1miel mpobimemMu MiHicTepcTBOM
B odiniiiHii Bimnosiai Ha novyarky 2016 poky Bu-
3HAHO mepeayacHuM. BiporimHo, 3 Tiei npuunHH
TaK BIAJIO TaJbMYIOTHCS B HAIIi KpaiHi €BpOiHTe-
rpaliifHi MpolecH, HaBiTh 32 PaXyHOK HIOPIYHOTO
MacoBOTO TepeNyacHOr0 pyHHyBaHHS 3aiizo0e-
TOHHUX IIIIAJI.

JIHINpONeTpOBChKMIA  HAIlIOHAJIBHMI  YHIBEp-
cuteT 3anizHMYHOTrO Tpancmopty 3 2010 p. moci-
JDKy€ MPUYMHU MAacCOBUX NEPEAYacCHUX PyHHYBaHb
migpeidkoBux OCHOB. OCTaHHLOK PoOOTOIO Oy
BUSIBJIGHHSI MPUYHMH IIEPEIUacHOro, Micis TPboX
POKIB eKcruryararii, pyiHyBaHHS OETOHY IITIaJIH,
mo BurotoBieHa B 2013 p. ogHUM 3 JepiKaBHUX
mignpueMcts [TAT «Ykp3amizHUL».

Meta

3’siCyBaHHS MPUYIUH TEPEIIACHOTO PYHHYBaH-
HSl HaJaHWUX 3pa3KiB OeTOHY 3ai300€TOHHOI mima-
JM Ha MaricTpaJbHUX KOJisX YKpaiHu.

006’ exmom Oocnidxncennss OyB 3pa3o0K OCTOHY,
3pyHHOBaHMI MiCS TPHOX POKIB eKCIUTyaTarii Ha
MaricTpayibpHiil Komii YKp3ami3HuLi.

MeTtoaunka

B po0ori 3acTocoBaHO Makpo- Ta MiKpOCKOIIiY-
Hi, ppaxTorpadiudi Ta MiKpOpPEHTTEHOCTIEKTPAJIbHI
METOJH JTOCHIIKEHHSI CTPYKTYPU IIEMEHTHOTO Ka-
MEHIO.

PesyabTatu

JocaimkeHHsT MiKpOCTPYKTYpH 3pa3KiB OeTOHY
3pyHHOBaHOI 3aJli300€TOHHOI IIITATH  ITOKA3aJIH
HasIBHICTh PI3HO3EPEHHOI CTPYKTYPU KOMIIAKTHUX
KPUCTaIIB IIEMEHTHOro kameHio (puc. 1). beron
IIrman BMimae 6arato mop, cepemHiil po3Mip SKUX
cknaziae 6mam3pko 1 mxm (puc. 1, a, 6). Ilopu He
KOJUIBMATOBaHI Ta MalOTh CXWJIBHICTH JO TOIJIH-
HaHHS BOJM 3 OTOYYIOUOTO CEpeloBHINA —
3 TPYHTY, 0ajacTHOTO IeOeHI0 Ta HACHYECHOTO BO-
JIOTOIO TIOBITPSI.

3HavHa Pi3HO3EPEHHICTh LIEMEHTHOTO KaMEHIO
BKa3ye Ha HaIMIipHY KUIBKICTH BOTH B OCTOHHIM
cymiii (puc. 2).

OmiHKka MaKpOCTPYKTYPHHUX XapaKTepUCTUK
0eTOHy MMOKa3ye, 10 HOTro PyHHYBaHHS MPHCKOpE-
HO HAasBHICTIO IEIIFOJIO3HUX BOJIOKOH 3 JIEPEBHHH,
AKi B CTPYKTypi OCTOHY BHUITIAAIOTH SIK AEpeB’sHi
TPICKH AiameTpoMm 10 3 MM (puc. 3).

ITo6mm3y MICOYHWUX YaCTOK CIIOCTEPITaroThCS
HOBi ()a30Bi YTBOpEHHS, IO MalTh CTPYKTYpY
TUIECKAaTHX PO3TPICKAaHUX aMOp(HO-KPHCTAiYHUX
YTBOPEHb, SIKI MICTATH IiIBUIICHY KOHIEHTPAIIiO
Jy>)KHUX MeTatiB Ta xjopy (puc 4). ToBmuHa 1mapy
NPOAYKTY JIy>KHO-KPEMHIEBOKHCIIOI peakiii HaBK-
pYrd TICOYHHMX 4YacTOK JOpiBHIOE 10 15 wmkMm
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(puc. 6). Takum YMHOM, 3aBISIKH CTPYKTYPHHM
0CO0JIMBOCTAM — HAassBHOCTI BEJIMKOI KIJIBKOCTI IIOP
Ta JOJAaTKOBOTO BCMOKTYBaHHS BOJIOTH IO Jie-
PEB’SIHUX BOJIOKHAX, HIBHIKICTH peakiii 3 Gpopmy-
BaHHSM HOBOI (pa3u ckiiana 5 MKM Ha piK.

HamMipHa BomoHACHYEHICTh OCTOHHOI CYMIiIi
CTpUsi€ YTBOPEHHIO BEIMKHX €TPUHTITHUX KpHCTa-
7B, SKi MICTATh MiABHUILEHY KiNBKICTh IYXKHHX
€JIEMEHTIB, MarHiro, aJlOMiHil0 Ta cipku (puc. 5).
3a3HaueHi KpHCTand CTPYKTYpHO HECTaOlmbHI Ta
pO3KIanalThcs abo MEepeTBOPIOIOTHCS B IMpoLeci
ekcrutyaramii Ha (a3, MmO MaroTh  IHIIUH
00’emHntt koedimieat. OcoOIMBO MIBHUAKO ITi Tie-
PETBOPECHHS 3MIMCHIOIOTHCS MPHU HAJUIUIIKOBIN BO-
JIOHACHYEHOCT] OETOHY Ta HAsBHOCTI B CTPYKTYpi ato-
MiB xyiopy [11].

SEM HV: 20,0 KV
View fiebd: 10.00 pm
SEM MAG: 20.9 kx

NanoMedTech LLC

Puc. 1. MikpoctpykTypa
LIEMEHTHOT'O KaMEHIO
B 3pyHHOBaHOMY OCTOHI IITIaT:
a—x14 400, 6 — %28 900

Fig. 1. Microstructure
of cement rock in destroyed
concrete of sleepers:
a—x 14 400, b — x 28 900

Puc. 2. Po3amipHi XapaKTepUCTUKN KPUCTAIIB
LIEMEHTHOT'0 KaMEHIO B 3pyHHOBaHOMY OETOHI IImat

Fig. 2. Dimensional characteristics of cement stone
crystals in ruined concrete of sleepers

Y A e R

Puc. 3. Bonokna nepeBuHn
B 3pyHHOBaHOMY OETOHI IIIITaT

Fig. 3. Wood fibers
in the destroyed concrete of sleepers

Yoo

Na Mg A S s O K G R
41.67 48.07 0.92 0.00 0.77 1.27 1.04 2.72 2.85 0.68
3450 29.97 0.00 0.00 2.090.00 1.81 569 25.95 0.00
4717 0.00 0.00 0.00 0.420.00 0.00 0.18 51.86 0.38

4526 0.35 0.00 0.15 0.410.00 0.00 0.21 53.63 0.00

Puc.4. XimiuHnii ckinaj mpogyKTiB KOpo3ii
LIEMEHTHOT'O KaMEHIO

Fig. 4. Chemical composition of the corrosion
products of cement rock
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Criextp Fe

Crniextp|96.02
1

Crextp 51.33 0.21 6.24 591 13.140.44 0.00 483 833 135 821

2

Puc. 5. XiMiuaM# CKIIa BOJIOKOH JCPEBUHA
1 BeJIMKHAX €TPUHTITHUX KPHUCTAIIB
B CTPYKTYpi 3pyHHOBAHOTO OCTOHY

Fig. 5. Chemical composition of wood fibers
and large ettringite crystals in the structure
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61.78 0.00 0.00 2.96 12.46 1.32 0.00 20.07 1.42

Coekrp 1
Crnexrp 2
Coextp 3
Cnextp 4

Puc. 6. XiMiuanii cKi1aj MPOAYyKTiB KOpPO3il
LIEMEHTHOTO KaMEHIO TTOOJN3Y MICOYHUX YaCTOK

Fig. 6. Chemical composition of corrosion products
of cement rock near the sand particles

CTpyKTypHI TIEpeTBOPEHHS HeCcTaOLIbHUX (a3
Ta YTBOPEHHS MPOAYKTY JIy>KHO-KPEMHI1€EBOKUCIIOT
peaxii crprsie BUHUKHEHHIO 3HAYHUX BHYTPIIIHIX
HaIpy>KeHb Ta PO3TPICKyBaHHIO OETOHY ITO BCHOMY
00’eMy 3a11i300eTOHHUX BHPOOiB (IHB. puc. 6).

HasiBHiCTh aTOMIB XJIOPY TaKOX IPOBOKYE BH-
BEJICHHS 31 CKIIaJy LEMEHTHHUX KPHUCTaJOTiapaTiB
komiiekcie (OH) mo BceoMy 06’€My IIEMEHTHOTO
KaMeHI0 OETOHY 3 YTBOPEHHSM BLIBHOI BoH B Oe-
TOHI Ta BUMHUBAHHSI KaJbIIif0, 1[0 CIPUSIE YTBOPCH-
HIO KaJIbI[IEBOTO MOJIOYKA, 3HIKEHHIO MIIIHOCTI Ta
JIOJTATKOBOMY PYHHYBaHHIO OCTOHY.

Bix BiAMOBITHOCTI XapaKTEPUCTUK IEMEHTY
HopmaMm cranmapty JCTY B.B 2.7-46:2010 [6]
3aJIeKUTh CTPYKTYPOYTBOPSHHS IIEMEHTHOTO Ka-
MEHIO, (i3UKO-MEXaHiYHl XapaKTEPUCTHKH Ta JOB-
TOBIUHICTH 3a1i300eToHHUX BHUpOOiB. IIpu mimBu-
MIEHIN JTy)KHOCTI IeMeHTy (BiIHOCHMIT Koe(iIlieHT
ayxuocti (Na,O + 0.658 K,0) 6insure wixk 0,6 %
(mac) [5]) B mporieci rigparariiii Ta mij 4ac eKCIuIy-
aTarii 3a11300€TOHHUX MiAPEHKOBUX OCHOB Ta iH-
mMx 1HQPACTPYKTYpHUX JeTaned Ta crnopyn Bil-
OyBaeThCs peakilis XiMIYHOT B3aEMOII JIyT IIEMEH-
Ty 3 KHCJIMMH 3alIOBHIOBa4YaMH, IKi BiJIITOBITHO 710
CTaHIApTiB HE TIOBHHHI MICTHUTH OLUIbIIE HiX
50 MMOJB/MT MIOKCHAY KPEMHII0, PO3YHHHOTO
B nyrax [5].

3rifHo 3 Aep:kaBHHM cTaHzapram [5] B mopr-
JIAHILIEMEHTI CITIBBIIHOIIEHHS 34 MAacOK KaJbIlii
OKCHJIy JO CHWJIIILIN JIOKCHy TIOBUHHO CTAHOBUTHU
He MeHlre HiX 2,0, a MacoBa yacTKa MarHiii OKCH-
Iy He TIOBMHHA IepeBulnyBatd 5 %, BMICT CipkH
y nepepaxyHky Ha SOz He TOBUHEH MEPEBUIIYyBaTH
3,5 %, ane Oytu OGinbiie HiX 1 % (Mac.), TIMHH
He Oimemre 1,2 % (mac.), BMICT XJIOpHI-iOHIB
He noBuHeH nepesuinyBat 0,1 % (mac) [5]. Tpu-
KaJIbI[IEBUI QJIFOMIHAT Yy CKIIAJl [IEMEHTY HE TOBU-
HeH mepeBuIyBaru 8 % 3a macoro [6].

Bkazani BuIlle XapaKTEPUCTUKH LEMEHTY HE
BiJINIOBIIAalOTh HOPMATHUBHUM TOKa3HUKAM JIMIIIE
B JIOKAJIbHUX 00JacTAX MOOIN3Y MICOYHHX YaCTOK
B HOBIH TenernomiOHii (a3i, mo (opMyeThCS K
MPOAYKT JYKHO-KPEMHIEBOKHUCIIOT peaKIlii.

Maumnii CTOCOBHO IHIHMX aTOMIB JiaMeTp iOHIB
HaATpil0 Ta XJOPY AO3BOJSIE 1M JIETKO MIrpyBaTH
B 30HY aKTHBHOI peaklilii, o BiZ0yBa€ThCs B Teje-
noniOHid azi HaBKpyr#m MiCOYHMX 4YacTok. [Ipu
YoMy 10HHM XJIOpPY CIpPHUSIOTH BUBEICHHIO Tifpart-
10HIB 31 c()OPMOBAHMX KPHUCTAJIOTIAPATIB IIEMEHT-
HOI'O KaMEHIO B OCTOHI, SIKUH EKCIUTyaTy€eThCs, 10
IIOJATKOBO PO3piKye MPOIYKT JIy’KHO-
KPEMHIEBOKHCIIOl PEeaKIlii, MPUIIBUANIYE pPEaKIIito
CTPYKTYPHOTO TIEPETBOPEHHS IIEMEHTHOT'O KAMEHIO.

3a0pyaHEHICTh KPYIHHX 3allOBHIOBAaYiB Tpic-
KaM¥ JICpEBHHH HE BIiITOBiJa€ IIIOYAM CTaHIAP-
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TaM. A ToMy HEOOXiHO Ha Kap’e€pax MocTayalib-
HUKIB IIe0CHIO BIIPOBAHKYBAaTH HOBI TEXHOJIIOTII,
IO CHPHAIOTH 3HAYHOMY MiJBUIICHHIO YHCTOTH
PO3CIBY, 3MEHIICHHIO €HEPrOEMHOCTI, Marepiajio-
€MHOCTI BUpOOHHIITBA Ta BUTPATaM Ipalli.

Hogi texnouorii BrpoBamkye dipma I «Jlo-
ris». SIK mpociBaroui TOBEPXHI BOHA TIPOIOHYE
3HOCOCTiHKi IOBEPXHI HOBOTO MOKOJIHHSA 3 MiJIBU-
HICHUMH JWMHAMIYHUMHU Xapakrepuctukamu [10].

J1st TiaBUIIIEHHST TOBTOBIYHOCTI OETOHY IIpoO-
MOHY€ETHCS BIPOBA/XKEHHSI Y BUPOOHHUITBO 3aj1i30-
OETOHHUX IMAaN TinepruiacTudikaTopiB moiikapoo-
KcrmatHoro Ty, Bupoouuirrea I1I1 «Jloris».

Kpim Toro, HeoOXiZIHO 3ayBaXXMTH, IO JOOaBKa
YKpaiHCHKOTO BUPOOHHMITBA MEHIIOI Mipoo 3a-
JIEKUTH BiJl KYPCOBUX CTPUOKIB iHO3EMHHUX BaIIIOT
1 MeHIla, HDK IiHAa 1HO3EMHHMX aHajoriB. BiTums-
HSHE BHPOOHHWITBO MOKE€ THYYKO pearyBaTd Ha
noTpedn BUPOOHHKIB 3ai300eTOHY, SKi 3MIHIO-
FOTBCSI 3aJISKHO BiJ HECTAOUTRHUX XapaKTEPUCTHUK
B’SDKYYHX Ta 3alIOBHIOBAYIB.

HaykoBa HOBU3HA Ta NPAKTUYHA
3HAYMMICTDL

B po0oti BUSBICHO MIBHIKICTh KOPO3IHHHX
npoleciB B OETOHI HIMaj yKpaiHCBKOTO BUPOOHU-
ka. [loka3aHo BILTMB Ha IIBHIKICTH KOPO3il 320py-
JTHCHOCTI KPYIHHUX 3allOBHIOBAYIB OPraHIYHUMHU
peYoBHHAMH, 30KpeMa BOJOKHaMH AepeBuHH. [lo-
Ka3aHi XapakTepHi O3HAKH TPUINBUALICHHS KOPO-
31HHUX MPOIIECIB y BHIAJKY HAIUIUAIIKY BOIH, YT
1 XJIOp-10HIB B CTPYKTYPi HEMEHTHOTO KaMEHIO.

[IponioHOBaHMIT METOA KOHTPOJIIO SIKOCTI OeTo-
HY € HEpyWHIBHHUM 1 He TOTpeOdye BHBEICHHS
3 Jaay IMOHHO BHUIOTOBJICHUX 3aJ1i300€TOHHUX
rmat [9].

Jlns momnepeKeHHsT MepeIuacHoro pynHyBaH-
HS 327113006 TOHHUX I IPOMOHYETHCS BUKOPHC-
TOBYBaTH Oe3MpoIaploBajbHy TEXHOJIOTIIO iX BU-
pOOHUIITBA.

TexHOMOTiS TPYHTYEThS Ha 3aCTOCYBaHHI HO-
BUX TinepruiacTu(ikaTopiB MOMKapOOKCHIATHOTO
tuny [TJIKIT Bupobnunrsa I1I1 «Jloris». Bnposa-
JKEHHSI HOBOI KOMIUIEKCHOI XIMIYHOT BITYM3HAHOL
nooasku ITJIKIT po3Boauts exoHomutu 150 kr
IEMEHTy Ha M° GETOHy IUMaj, 3HH3UTH BOJO-
[IEMCHTHE CITIBBIHONICHHS, 3HAYHO 3HU3UTH TEM-
neparypy TepmoBoiioroi 06pooku (mo 30 °C), abo
BHKJTIOYATH 3 BUPOOHHYOTO IHKIY IFO OTEpaIlito,
IO CHPUATUME IMiIBUIICHHIO HIUIBHOCTI, MIITHOCTI

Ha cTUCK 1 BUTIH y 1,5 pa3dy Ta moBrosiuHocTi Oe-
TOHY IIIAI.

Bing BupoOHUKIB 1meOeHI0O TMOTPIOHO BUMAaratu
MIJBUILEHHS YUCTOTH po3ciBy. Ile MoxkHa mocsr-
HYTH, 3aCTOCOBYIOYM HOBI TEXHOJIOTii BUTOTOB-
JIEHHS TIPOCIBAIOYHMX MOBEPXOHH BHpoOHMIITBA [111
«Jlorist», Kl NOAATKOBO [O3BOJIIIOTH €KOHOMUTHU
CIIEKTPUYHY €HEprilo, MaTepialid, BUTpaTH Npari
oinbi Hixk Ha 60 % [10].

BucHoBku

BukonaHi B po0OTi JOCTIXKEHHS BUSBUINA Ha-
SBHICTh B I[EMEHTHOMY KaMeHi MOOJIN3y MICOYHHUX
YJaCTOK ITiIBUINEHOI KOHIIEHTpAIlil XJIOpy Ta JIyXK-
HUX METaJiB, KOHIICHTpAIii SKUX MEePEBUIIYIOTh
JIOITYCTHMI B JIIOYHMX CTaHIapTax.

Pi3HO3epeHHICTh KpUCTAIiB IEMEHTHOTO KaMe-
HIO BKa3y€ Ha Ha/UIMIIOK BOJAW 3aTBOPIOBaHHS
B OeTOHHiH cymimi.

B crpykTypi LEMEHTHOrO KaMEHIO IPHCYTHI
BOJIOKHA JEPEBUHH, SKi 32 PAXyHOK JIOJAaTKOBOTO
BCMOKTYBaHHSI BOJIOTH TPUIIBUAIIYIOTH XiMidHi
peaxiii B O€TOHI, IO eKCTUTyaTy€EThCA.

IIBUAKICTE JTyKHO-KPEMHIEBOKHCIIOl peaKIlil
B OCTOHI IITIaJ CKIIAA€ 5 MKM B PiK.

HasBHICTH BOJIOKOH J€peBHHM BKa3ye Ha He3a-
JIOBUTbHY YHCTOTY PO3CIBY 3allOBHIOBadiB OETOHY,
30KpeMa IIeOeHIO.

XJ0op-ioHU JOAATKOBO MPULIBHIIIYIOTH pEak-
il CTPYKTYPHOI'O NEPETBOPEHHS IEMEHTHOIO Ka-
MeHI0. B cTpykTypy OeTOHY 3’€IHAHHS XJIOPY MO-
JKYTh TIOCTYINATH BHACHIJOK iX HAaBMHCHOTO BHeE-
CeHHs JUIA MPOTHUJIi 3aMOpPOKYBaHHS JpiOHUX 3a-
MMOBHIOBAYIB, & TAKOXX MPHUPOTHOMY BMICTY ITHOTO
€JIEMEHTY B CTPYKTYpi 3alIOBHIOBAUIB.
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NCCIEAJOBAHUE ITPEKJIEBPEMEHHOI'O PASPYHIEHUA
AKEJE3OBETOHHBIX IIITAJT HA MATUCTPAJIBHBIX ITYTAX
ITAO «YKP3AJIU3HBILS»

Heas. B pabote He0OX0AMMO BBISIBUTH ITPUYMHBI IPEKIEBPEMEHHOTO pa3pyeHus] OETOHA IIajl OAHOTO U3 YK-
pamHCKHX mpou3BoauTeneil. Meroauka. [IpuMeHeHHbIe MUKPOCTPYKTYPHBIH, PpakTorpadudeckuii, MUKPOPEHTTe-
HOCHEKTPAJIbHBI aHAIM3bl TO3BOJIMIM BbISIBUTh NPHUYMHBI YCKOPEHHBIX KOPPO3HOHHBIX IIPOIECCOB B OETOHE.
PesynbTaTel. B naHHOl paboTe MpPEeaIMETOM HCCIICIOBAHUS SIBJISICTCS IIEMEHTHBIH KaMCHb M CTPYKTypa OeToHa
MPEXICBPEMEHHO Pa3pyLICHHON kelle300eTOHHOM mimainsl. OuepeHoe MpekAeBPEMEHHOE pa3pylIeHHe Kene300e-
TOHHOM IIMaJIbl UCCIEA0BAIOCH MO TPAJAULUHUOHHOM 1 [JHEepOoneTpoOBCKOro HallMOHAILHOIO YHUBEPCUTETA KEJe3-
HOZIOPOXKHOTO TpaHcmopTa uMeHu akagemuka B. Jlazapsua (JJHY)KT) meronuke, 3amarentoBanHoit B 2009 romy.
[TpoBeneHHbIe B paboOTe MCCICAOBAHMS MOKa3anyu: 1) Hamu4Yue B IIEMEHTHOM KaMHE BOJHM3U MECYaHbIX YacTHI] IMO-
BBIIICHHON KOHLEHTPALMU XJIOPA U IIEIOYHBIX METAJUIOB, MPEBBIIIAIONINX JOMYCTUMbIE HOPMBI 32 AEHCTBYIOIUMHU
CTaHAapTaMH; 2) pa3sHO3ePEHHOCTh KPUCTAUIOB LEMEHTHOTO KAaMHS YKa3blBacT Ha H30BITOK BOIBI 3aTBOPEHUSI
B OETOHHOM cMecH; 3) HAIMYUE B CTPYKTYPE LEMEHTHOTO KaMHsI BOJIOKOH IPEBECHHBI, KOTOPHIC 3a CYET JOIOIHHU-
TEJILHOTO BIUTBHIBAHKS BJIArH YCKOPSIOT XUMHYECKHAE PEAKINU B OETOHE IKCIUTYyaTHPYEMbIX imai; 4) CKOpOCTh Iie-
JIOYHO-KPEMHHEBOKKCIION Peakuuy B OSTOHE IIal COCTABISET 5 MKM B TOX; 5) HaJIM4Ine BOJOKOH APEBECHHBI yKa-
3BIBACT HA HEYIOBJICTBOPHUTEIBHYIO YUCTOTY PACCEBa 3AIONHHUTENEH, B YACTHOCTH 1IEOHS; 6) XJI0p-HOHBI IOMOTHH-
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TEJIFHO YCKOPSIFOT pPEaKIUW CTPYKTYPHOIO IIpeoOpa3oBaHMsi IIeMEHTHOro kamHs. Hayunasi HoBH3HA.
B pabore BbIsIBIIEHa CKOPOCTH KOPPO3HOHHBIX IIPOLIECCOB B OETOHE MIMNai YKpauHCKOro npoussoautens. I[lokazano
BIIMSIHAE HA CKOPOCTb KOPPO3HUHU 3arpsi3HEHHOCTU KPYIIHBIX 3al0OJHHUTENIEH OpraHNYeCKUMU BEIIECTBAMHM, B YaCTHO-
CTH BOJIOKHaMU JpeBecHHBI. [loka3aHbl XapaKTepHbIe IPU3HAKU YCKOPEHUS! KOPPO3HOHHBIX MPOLECCOB BCIEICTBHE
M30BITKA BOJBI U XJIOP-MOHOB B CTPYKTYpE IEMEHTHOTo KamHA. IIpakTHyeckasi 3HaUMMOCTh. BrIsABIeHHE Xapak-
TEPHBIX MPU3HAKOB IPEKAECBPEMEHHOTO pa3pyLIeH!sI OETOHA ITOAPEIbCOBBIX OCHOBAHUH MO3BOJISAET NPEAYNPEIUTh
MAacCOBBIH BBIXOJ] U3 CTPOS KEJIE3HOJOPOXKHBIX IITaJ, KOTOPbIH HETaTUBHO BIHMSET Ha 0€30MaCHOCTh ABUKEHHS 110
xkenesnon gopore. [Ipemnoxxennas JJHYKT 6e3npomapodnasi TeXHOJIOTHS MPOU3BOACTBA HKEIE300CTOHHBIX IIITaj
¢ MPUMEHEHHEM OTCYECTBEHHBIX MOMMKAPOOKCUIIATHBIX MT00aBOK K OeTOoHaM (B KOMIUIEKCE C MPUMEHEHHEM st
NPOCEHBAHUS I1EOHS MPOCEHBAIOIINX MOBEPXHOCTEH HOBOro mokosieHus: mpousBojictea Ul «Jlorus») mact BO3-
MOXXHOCTb BBIBECTH YKPaWHCKHX MPOM3BOJIUTENEH KeJIe300€TOHHBIX LINal Ha eBPONEWUCKHi ypoBeHb. KoHTpOIb
MUKPOCTPYKTYPHBIX XapaKTEpUCTHUK BO BpeMs IPOU3BOACTBEHHOTO Mpoliecca NO3BOIUT NMPETyNpeKIaTh MaCCOBBIE
NpEeXJIEBPEMEHHBIEC pa3pylIeHUs] OeTOHa IINal W IIPoAaBaTh MPOAYKIHIO YKPAaUHCKHUX 3aBOIOB XKEJIe300E€TOHHBIX
Iran eBporeickuM norpedbutersiM. [Ipu aToM mpeuiaraeMelii METOJ KOHTPOJIST KadecTBa OETOHaA SIBISIETCS HEpas-
PYLIAIOMINM 1 HE TpeOyeT BBIBO/IA U3 CTPOS TOJIIBKO YTO U3TOTOBIICHHBIX KEI€300€TOHHBIX LIMAl.

Kniouegvie cnosa. 6€TOH; MEKPOCTPYKTYpa LIEMEHTHOTO KaMHSI; JKeJI€300€TOHHBIE MITAJbI; MPEXIEBPEMEHHOE
paspyuieHue; Mop(oJIOTrHs CTPYKTYPHBIX COCTABIISIONINX; CIIEKTPAIBbHBIN aHATN3

V. V. KOVALENKO

Dep. «Life Safety», Dnipropetrovsk National University of Railway Transport named after Academician V. Lazaryan,
Lazaryan St., 2, Dnipro, Ukraine, 49010, tel. +38 (050) 489 07 72, e-mail kovalekovv@upp.diit.edu.ua,
ORCID 0000-0002-1196-7730

RESEARCH PREMATURE DESTRUCTION
OF CONCRETE SLEEPERS ON THE MAIN LINES
OF PUBLIC COMPANY «UZ»

Purpose. The study aims to identify the causes of premature destruction of concrete sleepers of one of Ukrainian
producers. Methodology. Applied microstructural, fractographic, X-ray microanalysis revealed causes of transient
corrosion processes in concrete. Findings. Subject of study in this work is a cement rock and concrete structure of
prematurely shattered concrete sleepers. Another premature destruction of concrete sleepers was studied using the
traditional method for Dnipropetrovsk National University of Railway Transport named after Academician V. Laz-
aryan (DNURT) that was patented in 2009. The conducted research showed: 1) a cement rock near the sand particles
of high concentration of chlorine and alkali metals exceeding permissible in existing standards; 2) different grained
cement crystals indicates excess of water in the concrete mixture; 3) the presence in the cement rock structure of
wood fibers, which are due to the additional moisture absorption accelerate chemical reactions in the operated con-
crete sleepers; 4) speed of alkaline-silicic-acidic reaction in concrete sleepers is 5 microns per year; 5) availability of
wood fibers indicates unsatisfactory purity of aggregates screening, including crushed stone; 6) chlorine ions further
accelerate structural transformation reaction of cement. Originality. The paper found the rate of corrosion processes
in concrete sleepers of Ukrainian producer. The influence on the corrosion rate of contamination of large aggregates
of organic substances, including wood fibers was shown in the article. There were presented characteristic signs of
accelerating corrosion processes as a result of excess of water and chlorine ions in the structure of cement rock.
Practical value. Identifying the typical signs of premature destruction of concrete under rail foundations prevents
massive failure of railway sleepers, which affects negatively the railway traffic safety. The proposed by DNURT
without steaming technology of concrete sleepers production using domestic polycarboxylate concrete additives in
combination with the use for screening of gravel the screening surface of new generation produced by PE «Logiya»,
will bring concrete sleepers of Ukrainian producers on the European level. Control of microstructural characteristics
during the production process will prevent the mass premature destruction of concrete sleepers and sell products of
Ukrainian concrete sleeper production plants to the European consumers. At this the proposed method of quality
control of concrete is non-destructive and does not require disabling the newly made concrete sleepers.

Keywords: concrete; microstructure of cement rock; concrete sleepers; premature destruction; structural compo-
nents morphology; spectral analysis
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PROSPECTS FOR LAYING THE FASTENING OF THE TYPE CKI65 - b
IN THE CURVESD TRACK SECTIONS WITH SMALL RADIUS

Purpose. To date, there is a tendency concerning complete transition of main tracks to concrete sleepers. The
reason for this is the lack of wooden sleepers, their high cost and low lifetime that in the curved track sections with
the radius R<300 m is only 5-7 years (this is 5 times less than the lifetime of concrete sleepers). After introduction of
fastening type CK165-5 it is possible to smoothly expand the track from 0 mm to 14 mm, and to narrow from 0 mm to
28 mm with a step 1 mm. At the increased train load on the track of 75...130 kN in a horizontal plane, which is charac-
teristic for the curved track sections R<300 m the violations in terms of track geometry often take place. It results in the
frequent surfacings, periodicity of which at the fastening type CKJ165-5 is absent for today. Therefore the purpose of
the article is the development of recommendations concerning maintenance of the track in a plan with the fastening
type CK165-b. Methodology. The methodology of research is based on the comparative estimation of influence of
the track width change dynamics on the periodicity of surfacing in the plan in the case of the use of fastening type
J10 and CKJ165-b. Findings. With the help of the developed research methodology it was established that the first
implementation of adjusting the track width at fastening type 1O is necessary to be executed on the 14™ month and
at the fastening type CKJ165-b on the 28" month of operation. Originality. It was first described and expressed us-
ing the empiric dependence the process of the track width change, and periodicity of its adjusting in the case of the
fastening type CKJ/I65-b use. Practical value. The developed recommendations will allow in time to execute adjust-
ing of the track width at fastening type CK165-b and ensuring the safety of train motion at the same time.

Keywords: fastening type CK/165-b; track width; adjusting of track width; maintenance of track in plan

Introduction time that in the curved track sections with the ra-
dius R<300 m is only 5-7 years. This is 5 times
less than the lifetime of concrete sleepers [10].

During operation of the railway track in the
curved sections of small radius with wooden sleepers
and fastening type 1O the rail thread thrust occurs. It
leads to the deviations from the tolerances of rail
track width [6, 12]. When the track width exceeds the
tolerances it is necessary to carry out regaging, which
largely affects the life of wooden sleepers.

Production of sleepers of softwood species also
results in the fact that in the short term the metal
baseplate, which is the element of the fastening
type J1O, cuts into the wood fibers [3-6, 10, 12-15].
During production of wooden sleepers their manu-
facturing technology based on insufficient seepage
is violated. This leads to sleeper rotting and reduc-
tion in its operating lifetime in the track [12].

To date, according to the order of Ukrzaliznyt-
sia it was decided to fully transit the main tracks to
the concrete sleepers.

doi 10.15802/stp2016/77923 © M. P. Nastechik, R. V. Marcul, 2016

Increase in the train speeds, axial loading at the
Ukrainian railways requires increase in the strength
and stability of the railway track. Today, in the
vast majority of cases in small radius curves, espe-
cially in the areas of Lviv railway it is operated the
track with wooden sleepers and fastening type J10.

In the initial stages of operation the track on
wooden sleepers has little stiffness that provides
three-dimensional elasticity of the track superstruc-
ture (hereinafter TS) elements at the simultaneous
perception of both vertical and horizontal dynamic
forces from the rolling stock. During the mainte-
nance work wooden sleeper, unlike the concrete
sleepers, undergoes rapid replacement with the
new one without significant labor costs.

Despite the advantages, wooden sleepers have
several disadvantages that make economically un-
profitable their use. The reason for this is the lack
of wooden sleepers, their high cost and low life-
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To date, according to the order of Ukrzaliznyt-
sia there is a tendency to transition to the concrete
sleepers in curves of small radius, in connection
with the increased speed of trains, axial loads and
freight traffic on the railway. At the same time the
increase in strength and stability of railway track is
required.

With the fastening type CKJ/I65-b (Fig. 1) [1,
7], there is a possibility to use the concrete sleepers
in curved track sections of small radius without
construction modification of the sleeper type of
II11-1. The use of concrete sleepers and fastening
type CKJI65-b makes it possible to avoid many of
the problems arising in the railway track on wood-
en sleepers with the fastening type J10.

7
o
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Fig. 1. The CK/I65-5 type of fastening:
1 — adjusting card, 2 mm width (two items);
2 — adjusting card, 3 mm width (one item);

3 — plate 2KBJ165; 4 — terminal ITKJT; 5 — terminal bolt;
6 — insert bolt; 7 — screw nut; 8 — double coil washer;
9 — plate TTPB-4; 10 — plain washer IIT1-1.1;

11 - insulating sleeve

At the fastening type CKJI65-5 it is allowed to
build into the curves of radius between 450 m to
200 m concrete sleepers with distribution diagram
of sleeper laying 1.840 units/km. At this the fasten-
ing CKJ165-b ensures a smooth transition of width
in the transition curves for expansion from 0 mm
to 14 mm and narrowing from 0 mm to 28 mm. In
a circular curve using the fastening type CKJ165-b
one can set the pattern 1534 mm using the concrete
sleepers of type I111-1 according to the works [1, 7,
16].

At the increased train load on the track of
75...130 kN in a horizontal plane, which is charac-
teristic for the curved track sections R<300 m the
violations in terms of track geometry often take
place [9]. It results in the frequent surfacings, the

periodicity of which at the fastening type CK/165-b
is absent for today. Therefore the purpose of the
article is the development of recommendations
concerning maintenance of the track in a plan with
the fastening type CK/165-b.

Purpose

Therefore the purpose of the article is the de-
velopment of methods and recommendations con-
cerning maintenance of the track in a plan with the
fastening type CKJ165-b.

Methodology

The methodology of research is based on the
comparative estimation of influence of the track
width change dynamics on the periodicity of sur-
facing in the plan and adjusting of its width at the
fastening type J10 and CK/165-b.

In 2015, on one of the Ukrainian railways two
curved track sections with the radius of 350 m
were chosen. At the one track section was laid the
track panel (further TP) with wooden sleepers and
fastening 1O, and the second TP with the concrete
sleepers and fastening CK/165-b. The width meas-
urements were executed after laying of two TP for
five months, every 10 meters along the length of
the curve.

When performing the measurements on each of
the sections there were studied various additional
factors, the probability of which can affect the pro-
cess of changing the width of the rail track.

At TP with wooden sleepers it was observed
the influence of such factors as side wear of the
outer railway line, sloping caused by indentation of
metal baseplate into the wooden sleeper. At TP
with concrete sleepers it was mainly observed the
change of track width due to the side wear of the
outer railway line.

Using the obtained statistics there were deter-
mined the average values of track width change at
the type fastening JIO and CKJ165-b in the curve
with radius of 350 m over five months, which are
presented in the Table 1.

Mean values of the track width change at the
two track sections with the fastening type 10 and
CKJ165-b during five months of operation are
shown in the Fig. 2-3.
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Table 1
Mean values of track width for each month
Fastening type in the curve Mean value of the track width, mm
November December January February March

1 2 3 4 5 6

10 1529.35 1529.76 1530.35 1531.06 1531.71
CKJ165-b 1531 1531.24 1531.47 1531.71 1531.94

Track width, mm

0 10 20 30 40 S50 60 70 B0 90 100 110 120 130 140 150 160

Curve length, m

Fig. 2. Change of track width at fastening
of type J10 for five months

According to the two-factor dispersion analysis
[8] taking into account the above mentioned im-
pacts, it was established the criterion of influence
«F» on the track width change:

— for track panel with wooden sleepers and
fastening of type J10- F = 0.6824;

— for track panel with concrete sleepers and
fastening of type CKJ165-b — F=0.3311.

1540
1538

1536

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
Curve length, m

Fig. 3. Change of track width at fastening of
type CKJ165-b for five months

Observation results of the track width change at
the track sections with the fastening type 1O and
CKJ165-B, depending on the time parameter, pre-
sented as coordinate pair «x» and «y» were ap-
proximated [8] (Fig. 4-5).

According to the approximation results in the
Fig. 4-5 one can clearly see that the change of the
track width with the fastening type 10O and
CKJ165-b is linear, which can be described by the
function:

y=ax+b

M)

where a, b — are the constant parameters.

Function parameters (1) using the method of
least squares [8] can be described by the following
set of equations:

ai Xi2+b§n: XF% X i

i=1 i=1 i=1

azn: X, +nb= Zn: Yi
i=1 i=1l

where x , y, — are the measured coordinates of the

i-th point; n — is the number of points with
measured coordinates.
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Fig. 4. Change of track width at fastening of type 10
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Fig. 5. Change of track width at fastening
of type CK/165-b

Recommendations concerning the frequency of
track width adjustment. On the basis of the work
[11] the state of track upon the condition of its ex-
pansion according to the tape of track measure-
ment car is evaluated in points. According to our
case for the studied track sections with radius
R =350m, the track state according to the width

based on evaluation scores will be fined:

— with TP on wooden sleepers with fastening
type J1O at the V-th degree;

— with TP on concrete sleepers with fastening
type CKJI65-b at the V-th degree(according to
[11]).

According to the obtained function (1) it was
determined the time, when the track regaging (with
the fastening type J1O) and track width adjusting
(with the fastening type CKJ165-B) should be car-
ried out. For clarity the frequency diagram of track
width adjustment in the curve radius of 350 m with
two types of fastening was constructed (Fig. 6).

$ ¢ @ 2 o
———————r———r—r—r——
12 14 16 : 18 20 22 24 26 28 30 32 34 : 36

l177 Months 35
4 Fastening type 1O @ Fastening type CKI65-B

Fig. 6. Frequency of adjusting the track width
of in the curve of R=350 m at fastenings
of type J10 and CK/165-b

This diagram shows that after the first track
width adjustment at the section with fastening type
J0, the next adjustment is carried out every three
months and at the curve with fastening type
CK/165-b every 7 months.

According to the papers [7, 8] at the TP with
wooden sleepers the spike fastening holes already
broken after the third regaging this almost elimi-
nates a tight pressing of rail to the rail seat using
the spikes.

The proposed methodology of periodicity of the
track width adjusting upon the condition of its
widening at the fastening type 1O and CKJI65-b
was based not on the complete elimination of wid-
ening but on the bringing to the appropriate state of
retreat from the existing state, where the evaluation
in points, at which the section will be fined that
was the part of the range «good».

Based on the above mentioned data, and meth-
odology track maintenance upon the condition of
its widening, it is proposed to adjust the width of
the track when using the intermediate rail fastening
of type 10 and CKJ165-b under the schemes pre-
sented in the Figures 7-8.

a)

i S=1543 mm

Fig. 7. Adjusting of track width
in the studied curve with fastening of type 10

sTC) S=1543.mv  sTC,

Fig. 8. Adjusting of track width
in the studied curve with fastening of type CKJ165-b
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The Figures 7a and 8a show the existing condi-
tion dashed line of the track width in curves with
the dashed line, and the project condition with the
solid line. The numbers show by how many milli-
meters the existing track width is greater (+) or less
(-) than the project one. The arrows up or down in
the Figures 7b and 8b show how it is necessary to
expand or narrow the track (in mm) during opera-
tion of the railway track with the fastening type
J10 and CK/165-5.

Technical and economic efficiency of the
proposed recommendations. A separate challenge
was to determine the technical and economic effi-
ciency from laying the railway track construction
with concrete sleepers in curves of small radius
with fastening type CKJ165-b, as compared to the
railway track with wooden sleepers and fastening
of type 10O.

During the studies it was used a methodology,
which allows to analyze the cost-effectiveness of
TS variant throughout the repair interval of opera-
tion [2]. This methodology is based on the analysis
of total reduced costs:

tip o

II; = K; +ZEtini +ZCtint 3

t=1 t=0

where K; — are the capital investments for laying of
i-th variant of track design, UAH/km (the cost for
capital repairs of the track); Ey; — is the annual
operating costs of the i-th variant, UAH/km per
year; C; — is the simultaneous costs (for complex
and recreational medium and other repairs) on the
i-th in each year t;, UAH/km; t; — is the year, in
which the costs are determined,; t, — is the lifetime
of the most long-term variant of the track construc-
tion; n, — is the cost reduction coefficient of (dis-
count coefficient).

The cost reduction coefficient is determined by
the following formula:

1

T (@+E,) @

My

The calculation methodology was based on the

calculation of one kilometer of track consisting of

curves and straight sections. During calculations

the most optimal variants of the track construction
from the following ones were accepted (Fig. 9):

— is the straight (fastening type KB) and curved

track sections (fastening type CKJI65-B) — is the
jointed track (Fig. 9a);

— is the straight (fastening type Kb) and curved
track sections (fastening type J10) — is the jointed
track (Fig. 9b).

2) straight curve, R=350 m straight

jointed track jointed track jointed track
with fastening type KB| with fastening tvpe CKI65-F (with fastening type K|

curve , R=350 m
jointed track
with fastening type JO

~_ straight straight

jointed track
iwith fastening type KB

b)

jointed track
with fastening type KB|

Fig. 9 Possible variants
of track construction replacement:
a — variant 1; b — variant 2

Labor costs are determined by the expression:
AConl- = I:)IV (z Ni 'tHi) (5)

where P,, —is the hourly tariff rate corresponding
to the fourth category; T N; — is the total number

of elements that are changed at different current
repairs and maintenance; t, - is the time required

for replacement of the i-th element og TS.
The cost of materials is determined by the ex-
pression:
AC, 4, = ZNiCi (6)

M

where C; is and cost of the i-th element of the TS.

Chart of the total reduced costs that makes it
possible to determine the payback period of laying
the track construction with the fastening type
CKJ165-b as compared to the construction of the
track with the fastening type 1O is shown in the
Fig. 10.

From the graph of total reduced costs (Fig. 10)
it was established that the savings for 1 km railway
track when laying the concrete sleepers in the
curve of radius 350 m with the fastening type
CKJ165-b is 31.5%. This is mainly due to the re-
duction of the time required to perform the works
at the current maintenance and material savings of
TS.

At the current maintenance of one kilometer of
railway track with intermediate rail fastening of the
type CKJI65-b the annual saving is 72.6% of the
costs for existing regulations of maintenance
(wooden sleepers, fastening type Z10), which is
shown in the Fig. 11.
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Fig. 10 Chart of the total reduced maintenance costs
of railway track with fastening of type 10 and CKJ165-b
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Fig. 11 The economic effect
of the current maintenance of 1 km of railway track

When laying the concrete sleepers in curves
with radius less than 350 m with the fastening of
the type CKJI65-b according to the above men-
tioned studies it is reduced the number regagings
and adjustings of the rail track width.

Thus, the number of regagings for the entire
turnaround time (27 years, 800 min. tons gross) is
approximately:

— with wooden sleepers and fastening type 10
15100 times;

— with concrete sleepers and fastening of type
CKJ165-b is 41 times.

Findings

Using the above mentioned studies it was found
that the frequency of rail track width adjustment in
the curve with radius of 350 m at the intermediate
rail fastening CKJ165-b is twofold reduced as op-
posed to the fastening type J1O. The railway track
width adjustment with the fastening type J10O is
required on the 14th month and with the fastening
of CKJ165-b type on the 28th month of the railway
track operation.

adjustment with the fastening of type CKJI65-b in
time. This will partly prevent and eliminate further
development defects of the rail track in plan occur-
ring during its operation with simultaneous ensur-
ing the safety of train motion.

Conclusions

The work represents the studies, which are
based on comparative assessment of the influence
of the track width change on the periodicity of cor-
rection and adjusting its width at the fastening of
type J10, and CK165-b. It was chosen two curved
sections of track with curve radius of 350 m. On
the one section was laid the TP on wooden sleepers
with the fastening type /1O, on the second section
was the TP on concrete sleepers with the fastening
type CK/165-b.

The track width change at the above mentioned
railway sections was investigated within five
months of operation. Using the above mentioned
data of the field tests it was for the first time estab-
lished the frequency of rail track width adjustment
with the fastening of CK/165-b type during opera-
tion.

The first adjustment of track width in the curve
radius of 350 m with the fastening of type CK/165-
b should be performed at the 28th month of opera-
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tion (then every 7 months), and with the fastening
of type 1O on wooden sleepers on the 14th month
(then every 3 months).

Using the technical and economic calculations
it was established that, unlike the track structures
on wooden sleepers with the fastening type 10, in
case of laying the concrete sleepers with the fasten-
ing type CKJ165-b the economy for 1 km of rail-
way track for the entire repair interval is 31.5%. At
the current maintenance for 1 km of railway track
the annual economy is 72.6%.

It was established possible number of the track
for width adjustment for the entire turnaround time
(800 min. tn. gross) with concrete sleepers and the
fastening type CKJ165-5 decreased in 59 times.
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MNEPCIIEKTUBHU YKJIAJJAHHSA CKPIIIVIEHHSA THUITY CK/ 65-b
B KPUBUX JIJITHKAX KOJII MAJIOT'O PAIIYCA

Meta. Ha croropHimHii J1eHb iCHy€e TEHAEHILIs LIOA0 HMOBHOTO IEPEXOay TOJIOBHUX KOJii Ha 3a1i300eTOHHI
mmany. [TprauHor0 1HOT0 € TediluT qepeB’ IHUX A, IX BUCOKA BapTICTh Ta HU3BKUI TEPMiH CIIYKOH, IO B KpU-
BHUX JiIsHKaX Koiii pamiycom R<300 M ckiramae Bchoro 5-7 pokie (e y 5 pasiB MeHIIe CTpoKy ciy6u 3aiizooe-
TOHHHUX miman). I3 BupoBamkenasm ckpirienss tuy CKJ65-b 3’sBHIach MOKIHBICT TUIABHO PO3IIMPIOBATH KO-
mito Bix 0 MM 1o 14 mm Ta 3By3uTH — Big 0 MM 1o 28 MM i3 kpokoM 1 mm. [Ipu 30inMbIICHOMY ITOI3HOMY HaBaHTa-
*eHHi Ha komito 75...130 kH B ropu3oHTasbHIN IUIOMIKHI, IO XapaKkTepHO AJsi KpuBHX AUISHOK koumii R<300 M,
4acTo BigOyBaroThCA MOPYIIEHHS reoMmerpii komii y miadi. Lle mpu3BoaANTs OO 9acTWX BUIPABOK, MEPIOJUIHICTH
npoBe/eHHs skuX npu ckpimienHi tuny CKJ/165-b Ha choroaHimHii 1eHp BiacyTHs. ToMy METOIO cTaTTi € po3podka
pEKOMEHANIN 00 YTPUMaHHs peiikoBol kouii y riaHi 31 ckpimiennsm tuny CK165-b. Meroanka. B ocHOBI
METOJIUKH TIPOBE/ICHHS JIOCHIPKEHb JISKHUTh MOPIBHSUIIbHA OL[IHKA BIUIMBY JAWHAMIKM 3MiHHM IIUPHUHU PEHKOBOT KOJIIT
Ha TepioJMYHICT, BUKOHAHHS BUIIPABKH ii B IUIaHI y BUMAAKy BUKOpHUCTaHHS ckpiruteHHa Ty J1O Ta CK/65-b.
PesyabraTn. 3a momoMoroo po3poOiieHOT METOAMKHU JOCTIDKEHb OYyJIO BCTaHOBJICHO, IIO IEpIIE pPEeryoBaHHS
MIMPUHY PeHKOBOI Kol npu ckpimienHi Tuny J{O HeoOXiHO BUKOHYBATH yke Ha 14-uit Micsip, a IpH CKpimIeHH]
tuny CK/165-b — Ha 28-mit Micsanp ekciutyararnii. HaykoBa HoBH3HA. Briepriie Oyito onmmcaHO Ta BUPaXCHO E€MITi-
PHYHOIO 3aJISKHICTIO MPOLIEC 3MiHM IIUPHHYU PEHKOBOI KOJIT Ta MepioqMYHICTh BUKOHAHHS 11 peryJIIOBaHHS y BUIIA-
Ky BUKopucTaHHs ckpimieHHs tuiry CKJ[65-b. IIpaktuyna 3HaunMicTh. Po3poOiieHi aBTopamMm pexoMeHmarii
JIO3BOJISITh BYACHO BUKOHYBATH PETYJIIOBAHHS MIMPUHK peiikoBol koumii npu ckpimnenHi tuny CKJ(65-b i onHowacHo
3a0e3meuyroTh Oe3MeKy pyXy MOi3MiB.

Knouosi crosa: ckpitutenns tuny CKJ[65-b; mupuaa xomii; perymoBaHHS MMUPUHU KOJii, yTPUMaHHS KOl y
IUIaHi
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NEPCIIEKTUBbBI YKJIAJIKU CKPEIIVIEHUSA TUIIA CK/l 65-b
B KPUBBIX YYHACTKAX ITYTHU MAJIOT'O PAJINYCA

Heas. Ha ceromusamnuii 1eHp CyIiecTBYeT TEHACHIHS TIOTHOTO TIepexo/ia TTIaBHBIX IMyTeH Ha KeJIe300eTOHHBIE
maisl. [TpudnHO# 3TOTO sIBNIsieTCs] AeDUIMT IePEBSHHBIX 1A, UX BBICOKAs CTOMMOCTh W HU3KHUI CPOK CIYXKObI,
KOTOPBIif B KPUBBIX yuacTkax myTu paauycom R<300 m cocrasmsier Bcero 5-7 mer (uro B 5 pa3 MeHbIe cpoka
ciyx0bl xene300eronnbix mman). C BHeapennem ckpervieHns tuna CKJI65-B mosiBuiach BO3MOXKHOCTH TUIABHO
pacumpsith konero ot 0 Mm 10 14 MM u cy3uth — ot 0 MM 10 28 MM ¢ marom 1 mM. [lpu yBenndyeHHOI noe3aHoM
Harpy3ku Ha myTh 75...130 kH B ropu3oHTanbHO# MIIOCKOCTH, YTO XapaKTEepHO Ul KPUBBIX ydacTkoB mytd R<300
M, 9acTO MPOUCXOMAT HAPYIICHHUS TCOMETPUH MYyTH B TUIAHE. DTO MPUBOJIUT K YaCTHIM BEITIPABKaM, ICPUOMIHOCTh
MPOBEACHUS KOTOpBIX Tpu ckperuieHun tuna CK/65-b Ha ceropusmnuii nenp orcyrcTByeT. [loaToMy 1enbio cra-
TBU SBJISCTCS pa3padOTKa PEKOMCHIAIMKA IO COJCPKAHUIO PEIhCOBOW KOJICM B IUIAHE CO CBSA3BIBAHWCM THIIA
CKJ165-b. MeToauka. B ocHOBe METOAMKH TPOBEICHHS HCCICIOBAHUN JICKUT CPaBHUTEIBHASI OIICHKA BITUSHIS
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JUHAMMKH W3MEHEHHS IIHPHHBI PETbCOBOM KOJIEU Ha MEPUOJMYHOCTD BBIIOJIHEHHS BBIIPABKY €€ B IUIAHE B CIydac
ucnonb3oBanus ckperuieHus tuna JJO u CKJ165-b. PesyabraThl. C noMoIIb0 pa3paboTaHHONH METOUKH UCCIIeN0-
BaHMH OBUIO yCTaHOBIICHO, YTO IIEPBOE PEryJTUPOBAHHE IIHMPHHBI PENBbCOBON Kojeu npu ckpemienun tuna O He-
00X0IMMO BBITIONIHATH yxke Ha 14-b1if Mecsl, a npu ckperuteHnn Tuna CKJ165-b — Ha nBannate BOchMOit MecsIl dKc-
ryarauny. Hayynasi HoBu3Ha. BriepBbie ObUIO ONMMCAaHO M BBIPAKEHO SMIMPUYECKON 3aBHCUMOCTBIO IIPOLECC
M3MEHEHUS HIMPHHBI PEIbCOBOM KOJIEH U MEPUOIUYHOCTD BBIIIOJHEHHUS €€ PEryIMpOBaHMA B CIIydae UCIIOIb30BaHUS
ckperuienns: Tuna CKJI65-b. IlpakTnyeckasi 3HaunMocThb. PazpaboTaHHbIe aBTOpaMHM PEKOMEHJIAMHU MO3BOJISIT
CBOEBPEMEHHO BBINOJIHATH PETYJINPOBKY IIUPUHBI PelIbcoBOM Kosien mpu ckperienun tuna CKJ165-b n onnoBpe-
MEHHO 00eCIeunBaOT 0€30MaCHOCTh BIKEHUS TTOE3/I0B.

Kniouegvie cnosa: ckpernenue tuna CKJ65-b; mmpuna Koneu; peryiaupoBaHue IIUPHHBI KOJIEH; COJEpIKaHNe
IYTH B IUIaHE
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MODELLING THE MODIFIED METHOD OF ANALYTIC HIERARCHY
PROCESS BY MEANS OF CONSTRUCTIVE
AND PRODUCTIVE STRUCTURES

Purpose. In the study it is supposed: 1) to extend the classical method of analytic hierarchy process (AHP) for
a great number of alternatives and criteria; 2) to build a model of constructive decision making process using
a modified method of analytic hierarchy process with sorting (AHPS). Methodology. To achieve this purpose the
mechanism of constructive and productive structures (CPS) was used; the refining transformations of the general-
ized constructive-productive structure (GCPS) were fulfilled. Findings. The developed model of the constructive
process is the interaction between the three structures: the general CPS of AHPS, which allows to set criteria and
alternatives and performs the decomposition of task hierarchical structure; CPS of grouping and sorting, which di-
vides alternatives (criteria) into groups and implements the classic single-level AHP for each group, as well as cal-
culates estimates of paired comparisons based on the input data; CPS of single-level classic AHP, which allows to
fill the matrix of paired comparisons and calculates the ranks of alternatives. All three structures interact at different
levels of transformations: by data conformity at the level of concretization and using of implementations. The pro-
posed model allowed moving to the more abstract level in presentation of decision making problem solving for
a great number of criteria and alternatives. Originality. The paper proposes to use CPS mechanism for formalizing
modifications of AHP with sorting for decision making problem solving with a great number of criteria and alterna-
tives. Practical value. The formalization of the presentation of the analytic hierarchy process and its modifications
allows extending the range of applications of this method, as well as unifying the description of various AHP modi-
fications. Such presentation provides the possibility for developing the programs to implement the method hybrid
modifications. Using different interpretations presented in the article of CPS will allow for other approaches in de-
termining the coherence of pairwise comparison matrices, estimate calculation and ranks of alternatives and criteria.

Keywords: modelling; constructive and productive structure; constructive process; analytic hierarchy process;
modification

Introduction

Analytic Hierarchy Process (AHP) [4, 11], pro-
posed by Saaty, received worldwide recognition
and is used to solve the decision-making problems
in different areas. There are many versions of this
method, which take into account the specificity of
the tasks, can reduce the existing restrictions on the

use of this method [1-3, 13, 14], or use AHP in
combination with other decision-making methods
(mathematical methods of multi-criteria analysis,
statistical methods etc.) [10, 12]. There are a lot of
developed software tools, which implement
both the method itself and its modifications [2, 9,
14, 15].
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[14] presents the modification of AHP with
sorting (AHPS) which may be used while ranking
a large number of alternatives. The essence of this
method is that all alternatives are divided into
groups in threes (fours) and for each group the
classical AHP is applied. If the position of alterna-
tives in groups changes, the rearrangement is per-
formed. Some estimates not yet identified by the
expert are calculated on the basis of already deter-
mined ones at each step. This greatly facilitates the
work of an expert.

Purpose

The purpose of this work is to extend the clas-
sical AHP for a great number of alternatives and
criteria. To do this, it is proposed to present the
AHPS-based constructive decision-making process
by the constructive and productive structures
(CPS) [6]. In [8] CPS tools formalize the alterna-
tives ranking process using the classical AHP.

To represent AHPS there was developed
a system of three interacting CPS: directly AHPS,
grouping and sorting CPS and CPS of single-level
classical AHP.

Methodology

To achieve this purpose, the mechanism of con-
structive and productive structures is used. CPS is
a powerful device for formalization and modelling
of processes [5-8]. By performing different trans-
formations of the generalized constructive and
productive structure (GCPS) [6], namely, speciali-
zation, interpretation, specification and implemen-
tation, the different models are developed [7].
GCPS is called a triple [6]:

Cs =(M,Z,A),

where M - heterogeneous structure medium X —
signature; consisting of sets of the binding opera-
tions, substitution and output operations; opera-
tions on attributes and substitutive relations; A —
constructive axiomatics [6].

CPS purpose is to form the sets of structures
using binding, substitution and other operations
defined by axiomatic rules.

Findings

This paper presents a modified AHPS model
[14] on the basis of CPS with unconstrained num-
ber of criteria and alternatives.

All three CPS interact at the specification level:
data coherence connection and at the implementa-
tion level: CPS AHPS uses implementation of
grouping and sorting CPS for the criteria and for
a set of alternatives for each criterion, the grouping
and sorting CPS uses the implementation for each
CPS group of a single-level AHP.

Constructive and productive structure of AHPS.
Let us determine the GCPS specialization [6] to rep-
resent the analytic hierarchy process with sorting:

C=(M,Z,A) s> Cpps <MAHPS + 2 AHPS 'AAHPS>

where C — OKIIC, M - heterogeneous medium,
Y - signature, A - axiomatics, (> -
specialization ~ operation, Apps = AUA,
A ={Mpps DTLUN;,  Zppps ={E, 6, @,IT},
0={=,==},11={>},® ={+,*,=,<,V}},
=Z=9{,0,0},E- binding operations, ® - output
operations, IT — substitution operations, ® — op-
eration on attributes.

Partial axiomatics A, contains the following
definitions, additions and constraints that specify
alphabet, medium attributes, substitutive relations,
set the features of substitution and output opera-
tions.

Terminal alphabet contains a set of alternatives
{amey %} and criteria { } with their attrib-

utes: x; — alternative identifier, name — semantics,
v —global priority (weight); k, — criterion identi-

name,v kp

fier.

Alternatives and criteria, valid assessment val-
ues are contained in a heterogeneous medium
M arps -

The following operations on attributes are in-
troduced:

+(c;n;L)— conditional n operations from the
list L, if c=true, L=(];,J,,.... J,), operations
are presented in the prefix form;

* — vector-number multiplication operation;

:= — assignment operation;

< — less-than comparison;

V - attribute value seek operation, by an ex-
ternal server.

The substitution rules are

v, :<sr“, gr'i’j>e‘P, where s

ri,j

written  as
— substitu-

rij

doi 10.15802/stp2016/77926

82

© T. M. Vasetska, 2016



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxa ta nporpec Tpancnopty. Bicauk /{HinponeTpoBchKkoro

HALIOHAILHOTO YHIBEPCUTETY 3alli3HHYHOr0 Tpancmnoptry, 2016, Ne 4 (64)

IHOOPMALIMHO-KOMYHIKALIHI TEXHOJIOT'Ti TA MATEMATUYHE MOJIEJTIOBAHHSI

tive relation, g,;; — a set of operations on attrib-

utes, r —rule number, i, j —numbers of the first
and the second pair of alternatives. Three-level
indexing is used for ordering the substitution rules.
Binary  partial output  operation  [6]
I"= (= (¥,1)) (here 1, I" —forms before and
after the substitution operation), consists of:
1)selecting one of the substitution rules

wr:<sr,i’j, gr]i,j>e‘P, with substitutive relations

s,. . and performing the substitution operation on

rij
its basis. Availability of substitutive relation s, ; ;
is determined by the availability attribute value
dp st if dpj s ;=1 the relation is avail-

able, d,; ;s ; ; =0 — not available; the availabil-

ity of rules is regulated by operations on attributes
or is given by axiomatics;
2)carrying out operations on attributes g, ; ; .

ri,j

The order of the operation on attributes in the
process of performing partial output operation is

given by the attribute t;, where 1;el,

I ={ty., 7}, 1 cMpps, T, — the operation on
attribute is performed before the substitution op-
eration, t, — after the substitution operation.

Complete output (or output) operation is the
sequential partial output operation, starting from
the initial nonterminal and finishing with the con-
struction that satisfies the output completion condi-
tion. The result of the complete output operation is
the construct containing the ordered sequence of
alternatives.

The output completion condition is the absence
of non-terminals in the form.

Suppose we have the following basic algo-
rithmic structure (BAS) [6], which comprises the
steps of performing operations by condition, ma-
trix operations, as well as the launch of AHPS for
criteria and alternatives:

CA,AHPS = <M A AHPS ! 2A,AHPS ' AA,AHPS> '

where M, \ps — heterogeneous medium that con-
tains Vi anps s Zaanps — Signature and Ay ppps —

ach 0 ocOb} _

S 0 A 0
axiomatics, V aups LA [4 4, Azz lab, A2s lab

a set of forming algorithms for a particular server,

and {Az ||fhj,|q,fi J As |]tij,\y.A4 |Iijyly}UVW — a set of con-
A Lo A5 Las
A oo A8 oo A R A s A lapr Al AL b,
Al A o A 15 AT - AT Ayl

A lan s Ao lan s Azt ii’hxj,kp
operations @ on attributes.

The above algorithms execute the following
operations:

- Af |:"Zi — algorithm concatenation (sequen-
b |

structed algorithms,

}eV,, - algorithms for

tial algorithm A after A,);
- A2 ||T1j'|q‘fi —SUbStItUtlon,

- A |;"V\P,A4 Eq, — partial and complete output.

Here f;, fj —forms, o —initial nonterminal, Q -
a set of formed constructs;

— A |5, - execution of n algorithms from
the list L, if c=true;

- A lap — calculation of the product a*b, a
and b can be matrices or numbers;

- A?':,b — assigning a value to a variable
a=b;

b - -

— Ay [, —determining the value of a by an ex-
ternal server;
— A} 5, - calculation of the quotient of a by
b;

— A} l5, - calculation of the remainder on di-
viding a by b;

0c 0 |c 0 |c 0 |c 0 |c

- AS |a,b ) A12 |a,b ) Ais |a,b ) A19 |a,b ) A20 |a,b - com-
parison of numbers a and b, if the condition is
satisfied (a<b,a=b, a=b, a>b,a<b), then
¢ =true, otherwise c = false;

- A lap — assigning the value b to the vari-

able a, the valuesa and b can be vectors, matri-
ces, or numbers;

— A 5, — logical AND of the two conditions
a and b, true, if both conditions are true;
- A |is7 — calculation of the conformity rela-
N

tion of the pairwise comparison matrix (PCM) N?;
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- Aioe |rN
ity vector by PCM N?;

— A ;|5 — calculation of integral part of the real
number a;

— A% l5, - calculation of the sum a+b, a

and b can be matrices or numbers;
- A i{,hx,-,kp — determination of the link weight

- - calculation of the alternative prior-

of i and j alternatives by the criterion k, by an
external server (h=1);
- A :’E —binding alternatives and criteria,

where a,b - identifiers of alternatives or criteria
or links between them;

— A% XY - binding b implementation result to
non-terminal of CPS implementation use o .

Interpretation of the main CPS for the modified
analytic hierarchy process:

<CAHPS = <M AHPS » 2 AHPs » A Avips >

Caanps :<MA,AHPS’EA,AHPS’AA,AHPS> > (s

11 Canps =<MAHPS 2 anps + A1 anps ,Z> '

where |+ - interpretation operation; Z — a set of
servers that can use all BAS algorithms; C, aps

A arps = Aarps U g,
Ag={(A [N ), (Al =) (A, ),
A A1) (A s ), (AT 12y 42),
(A 25 49 (A gL =), (Ap Ly 40)}

Let us represent CPS specification for the ana-
lytic hierarchy process with sorting:

1 Carps :<MAHPS'ZAHPS’AI,AHPS'Z> kK
k> Ck anps =<MAHPS Zg anps A anes UA, U

UA5|Z>1
where
Ay ={T =X, %5, X300 Xy » Kpsoes Kp 3

N; ={p nO, QX,(X]_,...,OLP 0 dTl QE,x},

U={pnc}t ¥«={v, :<Sr,i,j’gr,i,j>}’ r=1,—6}’
r — rule number, i — number of the first alterna-
tive, j — the number of the second alternative of

the pair, x; — terminal for identifier of thei -th alter-
native, k, — terminal for identifier of the I -th crite-
rion, U — a set of initial non-terminals, o, — non-

terminal for processing alternatives by the | -th crite-
rion, x — non-terminal for implementation of the

grouping and sorting CPS for criteria, oA — non-
terminal of CPS criteria (where Q ={F, is,N} —aset

of attributes: I — vector of PCM priorities, is — ma-
trix conformity relation, N — matrix dimension),

o % —PCM alternatives by | -th criterion.

Partial axiomatic A; is as follows.

The number of criteria P and the number of al-
ternatives N, as well as the semantics of alterna-
tives and criteria are given at the stage of execution
by an external server.

The record of the sequential concatenation of
several terminals, non-terminals and sequential
operations on attributes will be represented as fol-
lows:

n
X, X X = [ % -
i=1

N N
The record o - means that
HIlE o, -0
the rule consists of a sequence of substitutive rela-
tions with a given availability attribute. If the sub-
stitutive relation is available, then it is performed
and the availability of the next relation in the se-
guence is determined, otherwise this relation is
omitted, and the availability of the next one in the
sequence is determined.
The rules that do not change the current con-
struct have void substitutive relation.

It is assumed thatd,;;Js ;; =1, for each

r=1,_5, so this attribute in these rules is omitted.
Here are the rules and their brief description.
The substitutive relation s, , is used to enter

the processing sequence of criteria and alternatives
by criteria. Operations on attributes determine the
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quantity and the semantics of criteria and alterna-
tives:

_ _p
S1,00 :<P,NG _>X|:%voypg <>Qk‘l_[(()‘p) >’

p=1

% 9100 :< N:=V(N),P:= V(P)vH(ki =V(k));

N
H(Xi =V(X)) >

The relation s, ,, uses implementation of the

grouping and sorting CPS for the alternatives for
each criterion, and s;,, is used to get the imple-

mentation results of the sorting and grouping CPS
for criteria:

P _ _
S200 = 11(% _>X|Zq*;,pp,pa 0qbp) )-
b

300 =< X |Sé,0,£ OQX - QX> .

The relation s, , is used to obtain the imple-

mentation result of the grouping and sorting CPS
for alternatives:

P _ _
S400 = H(qu’;,pp,pi%d’ el p)> :
p=1

The following substitutive relation is aimed to
enter a set of alternatives into the construct. Opera-
tions on attributes contain the calculation of global
alternative priorities:

P _ N
S5,0,0 :<Q7\"H(Q¢ p)_)H(in >v
p=1 i=1

%9500 = <H(V<in ::(FPJM*'?J(I),))> :
i=L

The set of substitutive relations s;,, allows

ordering the alternatives into constructs according
to their ranks:

N-1
S6,0,0 =<H H (VX v X dgi; > v 'vxi)> )

i=l j=i+l

. 96.00 =<H H (+(vedx, <vix;;Ld 4 = 1))>.

i=1 j=i+l

The implementation of this CPS is the set of al-
ternatives ordered in accordance with the calcu-
lated ranks.

Constructive and productive structure of alter-
natives grouping and sorting (CPS of AGS). Let us
determine the GCPS specialization to represent the
grouping and sorting subsystem for AHPS:

C=(M,ZA) s CGSA<MGSA'ZGSA’AGSA>

where  Aggyn = AUA, Ay ={Mga 2T, UN, ,
Lgsa = {E,@,(I),H} J={=}, 0={=|=.=},

E :{'l Ol<>} i) ® :{+1*1 :=l >1£l%1+l\l:1¢l&1h )
X,[1}}, - binding operation, ® — output opera-
tions, ® — operations on attributes, TT - substitu-

tion operations.
Partial axiomatics Ag is presented below.

Terminal alphabet contains many alternatives
and criteria with their attributes.

The substitution rules include a substitutive re-
lation and a set of operations on attributes. The
substitutive relations contain the available attribute
d,, where r — the rule number that takes the value

1 — the relation is available and 0 — not available.
For the rules with a constant availability attribute
(d, =1) this attribute is omitted for record simplic-

ity.
To interpret the CPS of alternative grouping
and sorting let us use BAC C, nyps. described

above:
<CGSA = <M GSA T ZGSAY AGSA> )
CA,AHPS = <M A, AHPS 1 ZA,AHps ' AA,AHPS >> =

11 Cosa :<MGSA'ZGSA’AI,GSA'ZGSA> '

where
A-A;
AI,GSA :AGSA UA7’ As :{(Aio |/-\,Alj ),

(A2||T1j,|q,fi‘J =), (A3|Lj,\p dP), A |§w J=),
(Ag |§b J, (A;) |gb Jd=), (A? |§b J45),
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(A Lo =49), (Al D), (AL, %),
(AJ?Z ;,b = ;t)v (Aﬁ.OB ;,b = :) ’ (Af4 ;,b ‘J&) '

(AL ), (AT - ), (A yls D,

(A% Ly )0 (Ap [ <>), (AR X% H0)3.

We concretize CPS of alternative grouping and
sorting:

ICGSA:<MGSA’ZGSA'AI,GSA’ZGSA> kK
k> Cy oo = <MGSA'ZK,GSA'AI,GSA Ua,U

UAS' ZGSA>’
where

A ={T, =T, U{a ym,j}U{a yr'n,j}U{a Zy it

m=LM u j=14, N, :{P,NX!N,pY' p,nBva'
—pL'oh

ol © 7, :
P;nsm'H(aym,i)'pvkp
i1

Ks,Ks,M OL'{Xm}}U{ch,n\Vm' ch,nw;n}’
m=LM, U={px} ¥ ={v, (5.0, )},

r=114}, r —rule number, , , o - is responsi-
ble for determining the number of groups with four
and three alternatives (k,,k,— number of groups
with three or four alternatives in the group, respec-
tively, M - total number of groups); . ,Wn,
chnWm — non-terminals of m-th group of alterna-

tives, with attributes ch — flag indicating the alter-

native position changes in the group (1 — alterna-
tives changed their position after ranking in the

group, 0 — did not change);  ,y — PCM for N
alternatives according to the criterion p, matrix
elements, non-terminals ,,y; ; with attributes: a

— evaluation of comparison of i and j alterna-

tives, h — evaluation process tool, (h=1 — filled
according to the evaluation by an external server,
expert, h=0 — without the involvement of an ex-
ternal expert on the basis of substitution rules);

onBn — PCM by criterion p for the group m,

consisting of n — alternatives, this matrix elements
are non-terminals . .B,;;, where the attributes

a and h - the
|HL',QA

= n
Px"Bm'H(aym,i)'prkp
i1

same as for ,.vi;;

— non-terminal of CPS imple-

mentation of the single-level classical AHP for the

n

group alternatives: Haym,i — set of alternatives
i=1

for AHP ranking, p — ranking criterion number,

pk — criterion vector, J — PCM of alternatives

of the group with calculated ranks and conformity
relation, L' — list of alternatives ordered accord-

ing to the ranks, p,nﬁ — PCM of alternatives in

the group n; x,, — non-terminal to prepare m -th
group alternatives for ranking; ,,n — non-terminal

to calculate the parameters of the general PCM of
alternatives (missing evaluations of paired com-
parisons, conformity relation and matrix comple-

tion control); {4 Vmif+ {qVi}+ {qZnij — setof
alternatives in the groupm, y, y', z — alternative
identifier, @ =[name,v,u,T,l] — set of attributes

where name - alternative semantics, v — global
priority (weight) of an alternative, u — global
number of alternative, T — alternative weight vec-
tor by criteria, | — criterion number.

The first rule with the substitutive relation,
which enters into the construct the sequence of
alternatives, PCM by p-th criterion and non-
terminal with attributes to work with groups. The
operations on attributes calculate the number of
groups from 3 and 4 alternatives and the total
number of groups. The alternative paired compari-
son evaluations are completed with default values:

_ N —
: =
S :<X |Z;,p,pi_> H(name,vxu)' pNY kg kM OL>'
u=1

.0 =(flag:=0, +(N%4=0;3;(k,Jo:= N/4),
(k3o :=0),(flag :=1)),+(N =3;3;(k,Jo = 0),
(kyda:=1),(flag :=1)), + (N =5;3;(k,Ja :=0),
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(ko= 2), (flag :=1)), = (flag = 0:2;
(Kodou = N /4~ (3= N%4)),
(gedo = (N — K, Jou* 4)/3)),
M do =Ko+ K,
NN
g(jl:i!l(aApy” =0a,y;; =0;ht y; ;=0
had yji=0)ad v =Lhd v;=0) ).

The following relation is applied for breakdown
of the alternatives into the groups. The operations
on attributes get the conformity between the gen-
eral list of alternatives and alternatives in groups:

N M Ja. Ny,
S; = H(aXu) " kg,kg M a— H (ch,n\V' H aym,i)
u=1 m=1 i=1
ks
T gZ :< H(n‘J\Vm :37
i=1

nJyp,
[T (name.ty; ; = namex..;;
i=1

M
udy, j =udx))s [T ey, =4

i=kg+1
Ny,
H (name.ly,; ; = name X ;udy; ; = U, )) >
j=1

The operations on attributes of s, relation de-

termine the attribute values for PCM elements of
the alternatives:

M Ja Ny, —
S3 =< H (chn¥- H aym,i)' p,NY) -
m=1 i=1 ds
M do ndyy,

- H (ch,n\V'H aym,i ’ p,nA\ymEm 'pm)' p,N?) >v
m=1

i=1
M Ny, ndyg

1, O3 :< H( H (H (a‘JBm,i,j ::"a"JYu‘Jymvi,u‘Jymvj ;

m=l i=l  j=1

h‘JBm,i,j = h‘J"/u‘Jym’i,u.Jym,j ))) > .

The following substitutive relation is used for

CPS implementation of the classic single-level
AHP for each alternative group:

M Jou ndyp,

Sy :< ]:E (ch,n\lj' ];!i aym,i ’ p,n,meEm pm)) -

nJym

Ny, 11 (5 Zmi)?

M
_)H(ch,n“]' H (a ym,i)'Ul = _ vy
m=1 i=1

p.ndym Bmv H (aym,i)v pvkp
i=1

The operations on attributes of the following
rule supplement the general PCM with new evalua-
tions:

_ ndyp

M p.ndym Bm' H (a Zm,i)'Q)‘m =
i=l

55:< H(Ul _ "-;Vm )'p,NY_>
m=1 p,n.J\ymBm' H (aym,i)rpvkp
i1
M nJdy g, =
—>H( Hl aZmin M) onY aiM >'
m=1 =

Ny, ndyg

4 9s :< H( H ( H (a‘JYu‘sz,i,qum‘j = a"—]Bm,i,j ;

m=1l =1l j=1
h‘J’Yu.szj,u.sz‘J = h‘JBm,i,j))) >

The substitutive relation is used to calculate the
general PCM elements by transitiveness and to
count the uncompleted elements:

Se={ )
« 96 :< alln:= O;H H (H(+(h‘JYi,j =0,

i=1 j=i+l c=1
4; (+((a<ch’j #0) & (ady; . #0);2;
(sum:=sum+ady; . *ady. ;;q:=q+1));
ady; j =sum/qg;hdy; ; =0;hy;; =

1

—0ay; = — )+

i
+(ady; ; =0:Lalln:=allin+1) ).

s, — substitutive relation for comparison of the
alternatives in groups after AHP application. If the
order of the alternatives in the group is changed,
the corresponding attribute is set to one:
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Ny, nJdyp,

<H(chn\|’ H( yml) H (quI) 7\"“)_> XanM dg_)H(chn\Vm H( yml

nJyp, Xp,nJ\y’mEm'pm)' p,N;>;
»Huhnw T GYno) NG

iy n. ,
% 99 =<H(| = Z\Vm];nJ\vm =1+2;

M
97 = <H(Ch‘JWm =0; e
m=1 |
. 1_[(name‘Jyr'nyi =name.z,, .;;
[1 (+(nameay,,; =name.iz,;; =

=1 P = Pz i3 VedYpy i = VeZ

m,l+i?

3, (VY = Vedz, (;namedy, ; = nameJz,
udy' . =udz name.J =nameJz_ ,.;
UJym’i :u‘JZm]i));+(nameAym’i " name.JZm’i; yml m, I+|) ]J( ym |+I m+1,i
Lehy, =1 ) PIYmist = Pz iV i = VelZp g i
; ni=1).
. . . ud =Uuz
The relation s is used to calculate the priority Yot mei)’

vector and the conformity relation for general ma- M-l ndyp Ny,

trix, if the position of the alternatives in the groups g ={ [T(TT (T @ Bmi;=atvuy, uy, ;
has not changed: m=l i-l j=L o

N =Nty aye )
85 =( H(cnn\v H( Yimi)® H (5 Zmi)va A, x i Yo i )

The substitutive relation s, is for implementa-
= ry tion of classic AHP for new alternative groups:
XpNY anm dg_)Qx>v group

Nty =
M .
. 98 :< £ 0;H(+(Ch<J\llm :1;1; f ::1)); < H(ch n\Vm H ( ym| PNy, Bm pm) —>
m=1 -
S(f =LLd, =1); - [1x
m=1
+(((f =0) & (all.m=0);1;dg =1);) »
— = _ _— = nﬁn( ) |H( Zm|)Q
— {1 — . — X ch,n m,i v| ™ = Ndym
+ 98 —<'5<J7‘-—h( on Y ) Fh = R( p,Ny)>- ¥ i oo B H( Vi) DKy

The substitutive relation s, is used to regroup

the alternatives. Operations on attributes allow set-  |atjon to get the AHP ranking result in each group
ting the alternative attributes in the new groups: and to save the evaluation entered into the general

s PCM by the expert:
Sy =

The following rule contains the substitutive re-

H(chnw H( yml)x

— Ny

M1 B H (5 Zmi)gPm =
su=( [Jel .5 ) oY =
nJyy, — = m=! pandyin B s H (ay;”),p,kp
i1
<11 (a Zmidig M) pNYX
i=1 Vet

_)H(H ( Zm|) km) pNY anm >

m=1 il
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(a‘J’YUAZ i udz, a‘JBm i, ]’

m,is m,j

h‘JYU.Jz Uz = h‘Jﬁm,i,j)));dG = 11 d12 = 1>
Operations on attributes of the following rule

allow determining the changes in the positions of

alternatives in the groups after AHP application:

m,i

M-1
Si2 :< >1 w Y12 :< H(Ch'J\V;n =0;
m=1
Ny
[ 1 (+(name.y, ; = name.z
i=1

vy =vdzgg),

m,i?

+(namedy, ; # namez, ;L chyy = 1>

m,i?

The substitutive relation s, is used to calculate

the priority vector and the conformity relation for
general matrix, if the position of the alternatives in
the groups has not changed:

513_<H(chnw H( ym|) H (quI) }\' )

XoNY anM g, Q7‘>’

-1
10913=<f =0; H( (chdyy, =1L f =1));
m=1
+(f =11d,:=1);

+(((f =0) & (all.n=0);L;dy, =1) ).

O =<ist: =y 7 ); T = A pYN§)>.

The following substitutive relation is used to
restore alternatives in the groups, if their position
has changed:

Ny,

S14_< H(chn\lj H( ym|)) (H(chn\um

nJWm

XH( yml) H( Zm|) }“m)dm

Ny,

—>H(chn\lf H Ymi) >,

e <ﬁ(l —[”J"’m

|
[ [(name.ty,,,; :=name.iz, ;;
i=1

Py isi = P2 i Vel i = VIZ 55

2
Uy 1y = Uz ) [ [ (name.ty,, ;i == name.z
i=1

m,i+l?

PLYmiri = P i VY =

=Vz 'UJymH,i = U‘sz,i+|)

m,i+l?

o O =(dy =1;d,, =0).

Implementation of CPS of alternative grouping
and sorting is the non-terminal with calculated al-
ternative rank attributes and the conformity rela-
tion for PCM of the alternatives.

Constructive and productive structure for clas-
sical single-level AHP. CPS of classical single-
level AHP implements completing by an external
expert of some paired comparison evaluations,
finding the proper number of the matrix, confor-
mity relation of PCM and alternative ranks.

Let us determine GCPC specialization to repre-
sent classical single-level AHP:

C=(M,Z,A) s Cpp <MAHP 12 AHP 'AAHP>'

where  App = AUAg, Ag={Mp DT;UN,,
ZAHP :{ElG)iq)}i ®:{:>1|:>!”:>1_>}15 :{'1 O} L]
O ={+, =/, <> =1k >}}.

The operation >(x;,x;,k,) allows setting a val-

ue of the link weight between i and j alternatives
(criteria) by k,, criterion, >(x;,X;,€) allows setting
a value of the link weight between criteria. These
operations are executed by an external server.
Terminal alphabet contains many alternatives
and criteria with their attributes.
The output process forms the construct that will

include the following forms: , (X o X; ok,) — link
of i and j alternatives by criterion k,, a — link

weight, h -attribute, responsible for the weight
value derivation process (h=1 — filled according
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to the assessment by an external server expert,
h=0 - without the involvement of an external
expert on the basis of substitution rules);
an(XioX;og) —link of i and j alternative (crite-

rion) if a comparison criterion is not given; oA —
pairwise comparison matrix for alternatives;

N
JT( %) —sorted alternative sequence.
i=1

For interpretation of this CPS we use the BAS
Caanps described above:

<CAHP = <MAHP’2AHP’AAHP>’ Caarps =
= <M AAHPS 12 A AHPS 1 A A AHPS > > =

= 1,C 4 anps CAHP :<MAHP'ZAHP’AI,AHP’Z>'
where

Avare = Aae Uy, Ay ={(A[372 ),
(A A=) Al ), Ay ),
(A 12s =) (A By 1), (A ),

(Ao i 1) (AL 2 ), (A3 [ =)
(A lap <>,

(A [P on) (AT =) (A [y I2),
(A iy =)}

Let us perform specification of the interpreted
CPS for a single-level AHP:

I,CA’AHPCAHP :<MAHP’2AHP’AI,AHP'Z> k>
Ck. arp :<MAHP'ZK,AHP’AI,AHP UAq UA10,2>,
where
Ay ={T; =T, Ny ={& »p,d.1, PN Us QX, p,NE}’

U ={pnv} ¥« ={y, :<sr,i,j!gr,i,j>}' r=112},

r — rule number, i and j — number of the first
and second pairs of alternatives, U — set of initial
non-terminals, & — non-terminal to indicate al-

ternative links, ,p— non-terminal to indicate crite-
ria links, Boii~— non-terminals to indicate links
between alternatives i,j by p-th criterion (for
simplicity indicated as matrix p’NE), QK -
pairwise comparison matrix for alternatives (where

Q =[v,is,N] - vector of attributes: v — vector of

PCM priorities, is — matrix conformity relation,
N — the number of alternatives).
The substitutive relation s, , , serves to change

PCM completion and ranking of alternatives X, by
criterion k,, . All axiom input parameters are added
to the medium.

The following substitutive relation is used, if a
ranking criterion is specified:

- N N
Sz,o,o:< on B '5d2,0‘0_>HH(pBi,j'kpp)>a

i=1 j=1
G200 =(+(PB> 0L, g :=1),

(PP =0;Ld50,:=1)).
The substitutive relation s;,, is used to form
PCM alternatives, if a criterion is not specified:
= N N
S300=( pnB -3 dg,o,OQHH(pBi,J»-
i=l j=1

The following rule contains the substitutive re-
lation to determine a connection between the alter-
natives. Operations on attributes determine the
evaluation of alternatives links:

N N
S4.0,0 =<HH(B i i~ (XioX; Og)'Bi,j>’

i1 j=1
v Y200 = <a‘J(XiOXj og)=adp; ;,

The rules for setting the alternative pairwise
comparison values by an expert, where i=1N
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and j=1+i,N:

Ssij =( )re U5 =<a.J(xic>xj 0g) =1 (X, X;,€),
adB; j =hd (X;oX; og);hd (X o 0g) =1,
ad(xox og) =1/ (ad(x;ox; o€)),

a B, =ad(x jox og);hdp, j i=h (X jox og) ).

The relation for PCM completion check. If the
matrix is completed, then based on the operations
on attributes we calculate the conformity relation
and fill the alternative priority vector:

N N

HH(Xi °Xj °€) de,o‘o_)
i=1 j=1
S6,00 = NERY

_)HH(Xi °Xjog): QX)

i=1 j=1

w8600 =(de0o =1 full =1,

i=1 j=i+l

full := 0)),+(full =0;1;dg 5 0 = 0)> ,

Jeos :<isj:: B(, nBY; T = A( p,NE)>.

The relation s, ,, enters the sequence of alter-

natives with the weights into the construct, if PCM
conformity relation is valid:

N N

l_ﬂ_[(xi o Xj 0 €)X

i=l j=1

— N —
XQA -l dv_)H(aXi)' oA
i=1

S700=

o Gr00 = (+((is2) 0,011, 1;d, 5 :=1)),

N _
- 9700 :< H(V‘in =rdA);d; 0= 0>-
i=1
The following set of rules (i=1LN-1,
j=i1+1N) defines the relations for descending
ordering of alternatives according to their weights:

Sg,i, j :<(in “vXj) dayiyj_)(vxj : vxi)>,
o Oy = (F(Vx; > VXL dg, =)

The substitutive relation sy, , is used to estab-

lish the link between the alternatives by the given
criteria:

S9,0,0 :<HH(Bi,j‘ka—>(Xi°Xj okp)'Bi,j>u

i=1 j=1
1, 99,00 :<a‘J(Xi°Xj oky)=adB;;,
had(x;oX; o k,)=hap, ;).
The rules for setting the alternative pairwise

comparison values by an expert by p -th criterion,
where i:l,_N and j=1+i,N:

S10,i,j :< >:
o 910,ij :<a<J(Xi°Xj °kp) = D(Xi,xj,kp),
adB; ; =ad(x;ox; oky);hd(x;ox; 0k, ) =1,

h.Jp,

ij =hd(X;oX; ok );adB;  =ad(X jox ok,);

ad(x ox ok, ) :=1/ad(x;ox; oky)
hod(x X o Ky) =L 0B = h(x ox; ok, ).

The operations on attributes of the next rule
check the PCM completion of alternatives by p -th

criterion. If everything is completed, then the con-
formity is calculated and the alternative priority
vector is filled, otherwise the rule does not apply:

N N

s11,0,0 :< HH(Xi ° Xj ° kp) du,o,o_>

i=1 j=1

N N R

= TITT050x; 0kp)-o2),

il j=1
91 = < full :=1,dy00 =1,
N N
1_[1_[(+(a4J(xioxj ok,)<0;

i=l j=1

1; full :=0)),+(full = 0;1;d,; 5,5 =0)),
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W Ouago = (i85 =, B TR =1, 1) ).

The relation s, ,, is used to generate a se-

quence of alternatives, if the PCM of alternatives
has a valid conformity level. After the substitution
on the basis of operations on attributes, the ranks
of alternatives are determined:

N N

S12,0,0 :< HH(Xi oX;oky) p,NE'Q X‘H dipoo

i1 j=1
= N _
- p,NB'H(aXi)'QK>l
i-1

91200 = <+((i5‘JX) <0,01L Ldy, 0 = 1)> ;

i=1

N —_—
491200 = <H (Vdx; = rdR);dp =0 >

Implementation of CPS for a single-level AHP
is the ranked list of alternatives, the completed
PCM and the calculated conformity relation values
for the formed matrix.

Originality and practical value

The developed model of constructive process
for alternative ranking by modified AHPS can
solve the problem with a large number of criteria
and alternatives (more than ten), and can also be
used under conditions of incomplete information,
as part of evaluations is entered by an expert, and
the part is calculated based on the input. This
method can improve the conformity of expert
judgments. CPS-modeling opens wide possibilities
for automated hybridization of AHP modifications
taking into account the specifics of the tasks.

Conclusions

The developed modeling system for construc-
tive alternatives ranking process consists of three
CPS, interacting at different levels of refinement
transformations. Disaggregation of process com-
ponents makes it possible to independently change
some models, change their interpretation, which
allows applying this approach to solve more spe-
cific tasks.

CPS-formalization allows moving to a higher
level of abstraction when describing a method for
decision making problem solving, which in turn

provides an opportunity for the development of
programs that implement the hybrid modification
of the decision-making methods, in particular the
various modifications of AHP.

LIST OF REFERENCE LINKS

1. Konecuukosa, C. . Momudukamus mMerona aHa-
JM3a uepapxuil Uil TMHAMHUYECKUX HAOOpOB allb-
tepuatuB / C. U. Konecuukosa // Ipuxnagnas
nuckperHas Marematnka. — 2009. — Ne 4 (6). —
C. 102-109.

2. MuponoBa, H. A. Unrerpamms MoanhuKarmii
METO/la aHaJIN3a UepapXuil I CUCTEM IMOAICPK-
KU TIPUHSTHS TPYyoBbIx pemennii / H. A. Mupo-
HoBa // Pammosnextponwka, HWH(MOpPMATHKA,
ympasienne. — 2011, — Ne 2 (25) — C. 47-54.

3. Caarn, T. JI. O6 usmepenun Heocszaemoro. Ios-
XOA K OTHOCUTEIBHBIM HW3MEPECHUSIM Ha OCHOBE
TJIABHOTO ~ COOCTBEHHOTO  BEKTOpa  MaTPHIIBI
napHeix cpaBHenuid [Electronic  resource] /
T. JI. Caaru // Cloud of Science. — 2015. - T. 2,
Ne 1. — C. 5-40. — Available at: https://cloud-
ofscience.ru/sites/default/files/pdf/CoS_2_1.pdf. —
Title from the screen. — Accessed : 17.06.2016.

4.  Caarn, T. JI. [IpunsiTre pemeHui MpHu 3aBUCHMO-
CTAX W OOPATHBIX CBSI3SX: AHAINTHYECKHE CeTH /
T. JI. Caatu. — Mocksa : Usn-so JIKH, 2008. —
360 c.

5.  Illunaxapenxo, B. Y. KoncTpykTHBHas MOAENb ajar-
TallMd CTPYKTYp JAQHHBIX B ONEPAaTUBHOHM NaMATH:
Yacte |. KoHcTpynpoBaHue TekcToB mporpamm /
B. U. lunkapenko, I'. B. 3a0yna // Hayka Ta mpo-
rpec Tpancmopty. — 2016. — Ne 1 (61). — C. 109-121.
doi: 10.15802/stp2016/60998.

6. Ilwmakapenko, B. W. KoHCTpyKTHBHO-TIpOIYKIIH-
OHHBIE CTPYKTYPBI ¥ UX TPaMMaTHIECKUE MHTEPIIpe-
tanun. |. O6obmenHas GopmansHas KOHCTPYKTHB-
HO-TIpoAyKIMOoHHast cTpykrypa / B. Y. IllunkapeH-
ko, B. M. Wibman // KubepHeTnka U CHUCTEMHBIH
ananms. — 2014. — Ne 5. — C. 8-16.

7.  Ulunkapenxo, B. U. KoHcTpyKTHBHO-IPOIYKIIH-
OHHBIC CTPYKTYpBl W HX TIpaMMaTHYECKHE HHTEp
nperatpu. |l Yrtounstomue mnpeobpasosanus [
B. 1. Illunkapenko, B. M. Uneman // Kubeprernka
" cucteMHbIi anamms. — 2014. — Ne 6. — C. 15-28.

8.  Illmmkapenxo, B. I. MogenroBaHHs mporiecy paH-
JKYBaHHS allbTEPHATHB METOJIOM aHANI3y iepapxii
3aco0aMi KOHCTPYKUIHHO-TIPOILYKIIHHUX CTPYKTYP
/ B. L. Illunkapenko, T. M. Bacenpka // Marte-
MaruyHi MamuHu 1 cucremu. — 2016. — Ne 1. —
C. 39-47.

9.  Expert Choice for Collaborative Decision Making
[Electronic  resource]. —  Available at:
http://expertchoice.com/. — Title from the screen. —
Accessed : 17.06.2016.

doi 10.15802/stp2016/77926

92

© T. M. Vasetska, 2016



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec Tpancropry. BicHuk J[HIIponeTpoBchKoro
HALIOHAILHOTO YHIBEPCUTETY 3alli3HHYHOr0 Tpancmnoptry, 2016, Ne 4 (64)

IHOOPMALIMHO-KOMYHIKALIHI TEXHOJIOT'Ti TA MATEMATUYHE MOJIEJTIOBAHHSI

10. Saaty, T. L. Models, Methods, Concepts & Ap- 13. The Group Decision Support System to Evaluate

plications of the Analytic Hierarchy Process / the ICT Project Performance Using the Hybrid
T. L Saaty, L. G. Vargas. — New York : Springer Method of AHP, TOPSIS and Copeland Score /
Science & Business Media, 2012. — 345 p. H. Setiawan, J. E. Istiyanto, R. Wardoyo,

11. Saaty, T. L. Relative Measurement and Its Gener- P. Santoso // Intern. J. of Advanced Computer
alization in Decision Making Why Pairwise Com- Science and Applications. — 2016. — Ne 7 (4). —
parisons are Central in Mathematics for the Meas- P. 334-341. doi: 10.14569/IJACSA.2016.070444.
urement of Intangible Factors The Analytic Hier-  14. Shynkarenko, V. I. Reducing the number of expert
archy/Network Process / T. L. Saaty // Revista de judgments in analytic hierarchy process by sorting
la Real Academia de Ciencias Exactas, Fisicas and survey management / V. I. Shynkarenko,
y Naturales. Serie A: Matematicas. — 2008. - T. M. Vasetska, E. Y. Boiko // Cucremni TexHo-
Vol. 102. — Iss. 2. — P. 251-318. doi: 10.1007/B- JIOTii: perioH. MikBy3. 30. Hayk. mp. — JIHimporeT-
F03191825. poBcbk, 2016. — Bum. 2 (103). — C. 16-31.

12. Saaty, T. L. The possibility of group choice: pair- 15. Super Decisions Software [Electronic resource]. —
wise comparisons and merging functions / Available at: http://www.super-decisions.com/. —
T. L. Saaty, L. G. Vargas // Social Choice and Title from the screen. — Accessed : 17.06.2016.

Welfare. — 2012. — Vol. 38. — Iss. 3. — P. 481-496.
doi: 10.1007/s00355-011-0541-6.

T. M. BACELIbKA"

YKad. «Komn’totepHi indopMartiiiti TexHOIOTii», JHIIPONETPOBCHKHIT HALLIOHATBHIN YHIBEPCHTET 3aIi3HIYHOTO
TpaHCopTy iMeHi akagemika B. JlasapsiHa, By JlasapsiHa, 2, Juinpo, Ykpaina, 49010, texn./dakc +38 (098) 237 05 21,
ei1. norra tetyana@vasetsky.com, ORCID 0000-0001-7008-2839

MOJIEJIOBAHHS MOJIU®IKOBAHOI'O METO1Y
AHAJI3Y IEPAPXIN 3ACOBAMHU
KOHCTPYKTUBHO-IPOAYKIINHUX CTPYKTYP

Mera. Y pociipkeHHi mepembadaethes: 1) pO3MIMPUTH MOMKIHUBOCTI KJIACHYHOTO METOLY aHANi3y iepapxiit
(MAI) s BemMKOT KiNIBKOCTI albTEPHATUB Ta KPUTEPiiB; 2) MO0y yBaTH MOJEIb KOHCTPYKTHBHOTO HPOLIECY MPH-
HHATTS pillICHb i3 BUKOPUCTAHHAM MOIM(BIKOBAHOTO METOJIy aHaNi3y iepapxiii i3 copryBanusam (MAIC). MeToauka.
JUi1st OCSITHEHHsI IOCTABJICHOI METH BHKOPUCTOBYETHCSI MEXaHi3M KOHCTPYKTHBHO-IIpoayKiiiaux crpykryp (KIIC).
BUKOHAHO YTOYHIOIOUI MEPETBOPEHHS y3arajJbHIOKYOi KOHCTPYKTHBHO-mpoaykuiiaoi crpykrypu (YKIIC).
PesyabTaTi. Po3pobieHa Moziellb KOHCTPYKTHBHOI'O TPOLECY MPEACTABISE COOOK B3aEMOIII0 TPHOX CTPYKTYD:
1) saraneHoi crpykrypu KIIC MAIC, sika 103BOJISIE€ 3a1aTH ATBTEPHATHBU Ta KPUTEPIii, BAKOHYIOUH JEKOMIO3HIIIF0
iepapxiunoi crpykrypu 3amadi; 2) KIIC rpymyBaHHs Ta COPTYBaHHS, sIka po30WBae anbTepHATHBH (KpUTepii) Ha
TPYIH Ta peaizye KIacuaHuil ogqHopiBHeBHA MAI 1715t KOKHOT TpyIH, a TaK0XX PO3PaxoBYy€E OIIHKH HapHUX MOPiB-
HSIHb Ha OCHOBI BBemenux manux; 3) KIIC omnopiBHeBoro kimacuauoro MAI, sika 103BoJIsiE 3aMIOBHHTH MATPHIIIO
MapHUX MOPIBHIHE Ta PO3paxyBaTH PaHTU allbTEPHATHB. BCl TpH CTPYKTYypH B3a€EMOJIIOTH MK COOOIO Ha Pi3HHX
PIBHSAX YTOYHIOIOYHMX MEPETBOPEHB. Yepe3 y3ro/PKEHHs 10 JaHHM Ha PiBHI KOHKpETH3allil Ta BUKOPHCTAaHHS peai-
3amiil. 3arpornoHoBaHa MOJIEIb JI03BOJIMIIA IEPEUTH Ha OLTBII a0CTPAaKTHUI piBEHb NMPE/ICTAaBICHHS PO3B’sA3KY 3a/1a4
NPUAHATTS PillIeHb JUIS BEJIMKOI KITBKOCTI KpUTepiiB Ta anbrepHatus. HaykoBa HoBH3HA. 3a pe3ynbTaraMu poOOTH
npornonyeThcs BukopuctoByBaTn MexaHizm KIIC mnst popmanizanii Mmoaudikanin MAI i3 copryBanHsM U1 po3B’si-
3Ky 3a[a4 MPUAHATTS PIlIeHb i3 BEJIUKOIO KUTBKICTIO KpUTEpiiB Ta anprepHaTHB. IIpakTHyHa 3HAaUYNMicTh. Dopma-
J3aIfisl MPEeAICTaBICHHS SIK CaMOT0 METOAY aHami3y iepapxii, Tak i Horo MoauGikamiil T03BOJSE POSMIUPUTH KOJIO
3aCTOCYBAaHHS JaHOTO METOMY, BIIOPAOKYBAaTH omucH pizHuX mommpikanii MAI. Take mpexncraBieHHs 3a0e3mnedye
MOJKJIMBICTH PO3POOKH MporpaM il peamizamii riopuaanx Moaudikamiid Merony. BukopuctaHus pisHUX iHTEpHpe-
Tariit 3anpononoBannx B cTarTi KIIC 103BOMMTHE BUKOPUCTATH iHIMI MiAXOMU NMPH BU3HAYEHH] Y3rOPKEHOCTI Mart-
PHIIb TAPHUX NOPIBHIHB, PO3PAaXyHKY OIIHOK Ta PAHTIB aJbTEPHATUB 1 KPUTEPIiB.

Knwouogi crosa: MOIETIOBaHHS, KOHCTPYKTHBHO-TIPOAYKUIHHI CTPYKTYpH; KOHCTPYKTUBHHH HPOILEC; METOI
aHaiizy iepapxiit; Mmoaudikariis
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IHOOPMALIMHO-KOMYHIKALIHI TEXHOJIOT'Ti TA MATEMATUYHE MOJIEJTIOBAHHSI

T. H. BACELIKASIY

l*Ka(p. «KomnprorepHble HHYOPMALIMOHHBIC TEXHOIOTUI», [IHEMPOeTPOBCKHI HAITMOHATIBLHBIA YHUBEPCUTET
JKENIE3HOJOPOKHOTO TPAHCIIOpTa MMEeHH akanemuka B. Jlazapsna, yi. JlazapsuHa, 2, JJaumnpo, Ykpauna, 49010,
ten./dakc +38 (098) 237 05 21, si1. noura tetyana@vasetsky.com, ORCID 0000-0001-7008-2839

MOJAEJTAPOBAHHUE MOAUPUITHPOBAHHOI'O METOJA
AHAJIM3A UEPAPXUU CPEJACTBAMMA
KOHCTPYKTUBHO-ITPOAYKIIMOHHBIX CTPYKTYP

Henasb. B uccnenoBannu npennonaraercs: 1) pacuimputs BO3MOXKHOCTH KIIACCHYIECKOTO METOa aHallM3a Hepap-
xuit (MAH) mist GOSIBIIOrO KOJIMYECTBA ANBTEPHATHB M KPUTEPUEB; 2) MOCTPOUTH MOJEIbh KOHCTPYKTHBHOTO IPO-
1ecca MPUHATUS PEIICHUH ¢ MCHOJIb30BaHMEM MOAM(MHUIMPOBAHHOIO METOJA aHAIM3a MEPApXHi C COPTUPOBKOM
(MAUC). Meroauka. Jlms JOCTHXKEHHS TIOCTaBICHHOW IIEM HCIOJB3YETCS MEXaHH3M KOHCTPYKTHBHO-
npoaykiuuoHHbX CTpyKTyp (KIIC). BhINONHEHBI yTOUYHSIONME MpeoOpa3oBaHusi 00OOIIEHHONH KOHCTPYKTHBHO-
NPOJXYKIMOHHOH CTPYKTYpbl. Pe3yabTaTsl. PazpaboranHas Mojenb KOHCTPYKTUBHOTO TIpoliecca NPeICTaBIsIeT Co-
0oii B3ammopeiicTBue Tpex cTpyktyp: 1) obmieit KIIC MAMUC, xotopas MO3BOJIET OMPEICIUTh albTePHATHBBI
U KPUTEPHUH, BBIMONHSIS TEKOMIIO3UIIMI0 HePAPXHIECcKoil cTpyKTyphl 3aaauu; 2) KIIC rpynmupoBKH U COPTUPOBKH,
KOTOpasi pa3OMBaeT Ha TPYIIbl ATbTEPHATUBEL U KPUTEPUH, PEATN3ys ISl KXIOW M3 IPYI KIACCHUECKHH OIHO-
ypoBHEBBIIT MAU, a Takxke pacCunThiBas OLICHKH MApHBIX CPAaBHEHWII Ha OCHOBaHUM BBeACHHBIX NaHHbIX; 3) KIIC
OJTHOYPOBHEBOTO Kilaccuaeckoro MAU, koTopas o3BOJISIET 3aII0JIHUTE MaTPHILy MTApHBIX CPABHEHUH M PacCUnTATh
paHTH anbTepHATHB. Bee Tpu CTPYKTYpHI B3aUMOAEHCTBYIOT MEXIY COOOI Ha pa3HBIX YPOBHAX YTOUHSIOMINX TIpe-
00pa30BaHM: MTOCPEICTBOM COTJIACOBAHMS MO JAHHBIM HA YPOBHE KOHKPETH3ALMH M WCIIOJIB30BAHUS PealU3anunii.
IIpennoxeHHas MOJEIb MO3BOJIMIA MEPEHTH Ha Oonee aOCTPAKTHBIN YPOBEHb MPEACTABICHUS pa3pelIeHHs 3agad
NPUHATHS pemIeHUH Uit OOJBINOr0 KOJMYECTBa KpPUTEPHEB H  anbrepHaTuB. Hayuynasa HoBu3Ha. [lo
pe3ynbrataM palboThl mpejsaraercst ucnojib3oBarh MexanusM KIIC s dopmanmzaimn moaudukaunii MAU
C COPTHPOBKOW JJIsl pa3peleHus 3a/au MPUHATHS PEIIeHUH ¢ OOJIBIINM KOJIMYECTBOM KPHTEPHEB W aJbTEPHATHUB.
IIpakTnyeckasi 3HaunMocTh. Popmanu3anys NpeICTaBICHUS KaKk caMOro MeTo/a aHaju3a Hepapxuii, Tak U ero
Mou(UKALMH TO3BOJIAET PACIIMPUTH KPYT IPHUMEHEHUs] JaHHOTO METO/1a; YHU(UIMPOBATh ONMUCAHMS Pa3IMYHBIX
moudukammit MAH. Takoe npencraBiieHre 00eCeYMBacT BO3MOKHOCTh pa3paOdOTKH IPOrpaMM Ul peasiu3alnui
THOPUIHBIX MOIU(UKAMK JaHHOTO MeToja. Vcronb30BaHUE pasHBIX MHTEPIPETAlMi MPEICTaBICHHBIX B CTaThe
KIIC mo3BonuT MCHONB30BaTh Ipyrye MOAXOIBI MIPU ONPENEICHHN COTJIACOBAHHOCTH MATpHI] MAPHBIX CPAaBHEHUH,
pacdera OIIEHOK U BECOB AJIbTEPHATHB U KPUTEPHUEB.

Knrouesvie cnosa: monennpoBaHue; KOHCTPYKTUBHO-NPOAYKLIIUOHHBIE CTPYKTYpbI; KOHCTPYKTUBHBIN MPOLECC;
METO]l aHAJIN3a nepapxuii; MoaupuKams
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NPEUMYIECTBA S3KCITPECC-METOJA OIPEAEJEHUSA
MACCBI OKAJIMHBI 1 OBE3YTJVIEPOXEHHOTI'O CJ1IOA
BYHTOBOI'O IPOKATA

Hean. B pabore HEOOXOAMMO YCTaHOBUTH YHHBEPCAIBHBIC HMIIMPUYECKHE 3aBHCUMOCTH, KOTOPBIC MO3BOJISIT
MIPOM3BECTH OIEPATHBHBIN pacyeT Macchl OKAIMHBI M TIIyOMHBI 00€3yIIepOKEHHOTO CJI0s, OCHOBBIBAsICh HA Iapa-
MeTpax TEXHOJOTHYECKOTO Ipoliecca IPOou3Bo/ICTBA OyHTOBOrO npokara. Meroauka. VcciaenoBaHus BBIOIHEHB
Ha TPOMBIIUICHHBIX MapTHAX Tpokata n3 craneit Mapok SAE 1006 u SAE 1065. Y gansieMocTs OKaIHHBI OIpeaes-
JIM B COOTBETCTBHM C METOJMKON KoMmanuu «Bekaert» mo cnermouxarmsam: GA-03-16, GA-03-18, GS-03-02, GS-
06-01. I'ty6uny 06e3yriepoxennoro ciost uaeHTuumuposanu mo 'OCT 1763-68 (merox M). Pe3yabTaThl. AHa-
JIM3 SKCIEPUMEHTAIBHBIX JJaHHBIX ITO3BOJIII ONPEACIUTH pallMOHAIBHBIE TEMIIEPaTypbl BUTKOOOPa30BaHMS IIPOKaTa
HCCIIyeMbIX MapOK CTaJIM, KOTOpble 00ECIIeUNBAIOT HAMIy4llIee YAAICHUE IIOBEPXHOCTHON OKAINHbBI, MUHUMAIIb-
HOE €€ KOJIMYECTBO, & TAK)KE COOTBETCTBHE 1IBETA MOBEPXHOCTH MeTajlIa TPEOOBaHUSIM €BPOIIEHCKUX OTpeOUTEICH.
Hayuynasi HoBH3Ha. ABTOpaMH YCTaHOBJICHA KOPPENSIHOHHAS CBSI3b HOPMHUPYEMBIX KaueCTBEHHBIX IOKa3aTeiei
OYHTOBOTO MPOKAaTa M3 BBICOKOYTIICPOAUCTON cTamu (Macca OKalIuHbl, TTyOHHA 00€3yTIepPOKEHHOTO CIOSI U MEXK-
IUIACTHHOYHOE PACCTOSHUE B TEPJIMTE) C OJHUM M3 IVIABHBIX MapaMeTpoB (TeMIepaTypoll BUTKOOOpa3oBaHHMs) pe-
XKUMa aeopMaloOHHO-TepMUYecKor 00paboTku. TlomydeHHBIE YpaBHEHHUSI PErPECCHH ITO3BOJISIIOT, Oe3 IMpHUMEHe-
HHUS METaUIOrpa)MuecKoro aHajin3a, ¢ MHUHUMAJIBHOW ITOTPEIIHOCTBIO OIPEAEINTh KOJMYECTBEHHBIE 3HAYCHUS
Macchl OKaJIMHBI, TITyOHHBI 00€3YTIIEPOKEHHOTO CIIOS U CPEIHET0 MEKILTACTHHOYHOT'O PACCTOSHUS B IepiiuTe OyH-
TOBOTO IIpOKaTa M3 BBICOKOYIIIepoaucTor cramu. [IpakTuyeckasi 3HaYMMOCTb. B cooTBeTcTBUM cO crenuuKa-
mussvu kommanuu «Bekaert» (GA-03-16, GA-03-18, GS-03-02 n GS-06-01) pazpaGoTana u BHEIPEHA B YCIOBHSIX
ITAO »ApceropMutran Kpusoii Por» meroanka mpoBeeHNs UCIBITAHUN 0 yJATICHHIO OKATWHBI MEXaHUYECKUM
CII0COOOM C IMOBEPXHOCTH OYHTOBOTO NpOKAaTa M3 HU3KO- M BBICOKOYITIEPOJHMCTHIX Mapok craneid. Pazpaboran
9KCIIPECC-METO]| ONpeieIeHHs OOIIei 1 OCTaTOYHOM MacC OKAIMHBI Ha OBEPXHOCTH OYHTOBOTO ITPOKATa U3 HU3KO-
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U BBICOKOYTJICPOJIMCTON MapoK CTajell B 3aBUCHMOCTH OT TeMIlepaTypsl BUTKooOpazoBanus. [lomyuen nareHt Yk-
paunsl Ha n3o0perenne Ne 91760 «Crnoci® BM3HAa4YEHHS 3araJibHOI Ta 3aJIMIIKOBOI KUIBKOCTI OKaJIMHU Ha MOBEPXHI

KaTaHKHu».

Kniouesvie crosa: OyHTOBOW NPOKAT, OKaINMHA; 00€3yTIIEpOKEHHBIHN CII0H; 1e(hOopMaliMOHHO-TEpPMUYEcKast 0opa-

0oTKa

BBeaenune

Ilpu aTTecTal roOpsSYEKATAHOTO OYHTOBOTO
MpoKaTa W3 BBICOKOYTJIEPOIUCTHIX MapOK CTallei
OHUMH W3 BaXKHBIX TMOKAa3aTeNleil ero Kavecrsa,
KOTOpBIE TIOJBEPratoTCsl HOPMUPOBAHHIO M KOHTPO-
JI10, SIBIISIFOTCST Macca OKaJMHBI M TIIyOuHa 00e3yr-
JIEPOKEHHOTO CIIOS HA MOBEPXHOCTH MPOKATA.

CraypHasi 3aroTOBKa, M3 KOTOPOI MPOU3BOIST
OYHTOBO# TIPOKAT, NP HATPEBE B IEUH IEPE. TO-
psueit neopmariyeit KOHTAKTHPYET € MPOTYKTaAMHU
TOPEHUs] TMPHUPOJHOTO Ta3a, B pe3yibTaTe Ha ec
MOBEPXHOCTH Pa3BUBAIOTCS TIPOIECCHl 00e3yriie-
POXHMBAaHUS M OKalnHOOOpa3oBaHus. B ciyuae,
€CITM 3aroTOBKAa MUMEET 3HAYUTEIbHBIC MOBEPXHO-
cTHBIE Me(eKTh (TPElIrHb), KOTOphle HE yIais-
I0TCS TIPH €CTECTBEHHOM yrape MeTauia B Ie4H, TO
B OYHTOBOM MpPOKaTe OHH MOTYT IPOSBIATELCS
B BUJIC JIOKAIBHBIX 30H OKHCICHUS B 00e3yriepo-
JKUBAHUS, TPOHUKAIONINX OT MOBEPXHOCTH BIIIyOb
Metasuia. Takue neeKThl CHUXKAIOT KOMIUIEKC Me-
XaHUYECKUX CBOWCTB TOTOBOTO METAJIONPOKATA.
Parronansao BBIOpaHHBIC TEeMITepaTypHO-
CKOpPOCTHOM periaMeHT HarpeBa 3arOTOBKH M aT-
Mocgepa Teur, MO3BOJIIOT TOOUThCS MHUHHMAIb-
Hoii morepu Metamia (He 6omee 0,9 %), a umero-
HIMecsl HermyOOKHe TOBEPXHOCTHBIE Ne(eKThl Ha
3arOTOBKE YAAIAIOTCS B MPOLECCE €CTECTBEHHOTO
yrapa Meraiia B Ieuu.

[Tocne ropsiyeld muacTUYecKoi aedopmMaryu
3arOTOBKM, TIPU BBIXOJIC MPOKATa M3 TOCIeaHEH
KJIETH YMCTOBOTO MPOBOJIOYHOTO OJIOKA OCYIIECTB-
JSIFOT €ro BOJITHOE OXJIaXKJICHHE, a 3aTeM pacKial-
Ky Ha BHTKH TpaHcmoprepa jmHuu CTenmop, Tae
MPOUCXOJNUT MOBTOPHOE OKATMHOOOpA30BaHUE HA
MOBEPXHOCTH MeETaJlla, Ha3bIBAEMOE BTOPHUYHOM
OKaJgMHOW. Macca OKaiuHBI U TIIyOMHa 00e3yTiie-
POXKEHHOTO CJIOST  SBJISIOTCS  ATTECTAIUHOHHBIMU
MOKa3aTeNisMU OYHTOBOTO MPOKAaTa, BBUAY YEro
OHU BCET/Ia PEriiaMeHTHPYIOTCS HOPMATHBHOMW JI0-
KyMeHTanueil u cepTudukataMu KayecTBa Ha Me-
tatonponykiuto [11, 8, 6]. Jlornuno mpenmnomno-
’KHTh, YTO TIEPBUYHAS OKaJIHHA, 00pa3yromasics Ha
MTOBEPXHOCTH 3arOTOBKH B HarpeBaTeIbHOW UM,
OKAa3bIBACT BIIMSHUE TOJBKO HA CTEMEHb yrapa Me-

TaJjula, 3aIluinas ero ot odesyriepoxxusanus. On-
HaKO, Ha MPaKTUKE MPOCICKUBACTCS TECHasl B3au-
MOCBSI3b TEMIIEpaTypbl BUTKOOOpPa30BaHUS U TIIy-
OMHBI 00€3yTJIEPOKEHHOTO CJI0s, KOTOpas MOXET
U3MEHATHCS B JIOCTATOYHO IIMPOKOM IHAIa30He
(3,0-1,0 % ot quamerpa OYHTOBOTO MPOKATa).

@Da30BBIll  COCTaB OKAJHWHBI, 00pa3yrOIIEHCs
B IIpOLIECCe OXJIAXKICHNS POKATa, OKA3bIBAET BIIH-
SIHUE Ha CTeleHb ee YAaJCHUS C TIOBEPXHOCTH Me-
TaJlyla BHE 3aBUCHMOCTH OT BBIOPaHHOTO crocoba
(XMMHYECKMIT WM MEXaHWYEeCKUil) W SBISETCS
Ba)KHBIM TEXHOJIOTHYECKHM ITapaMeTPOM IIpU MOI-
TOTOBKE IMOBEPXHOCTH MeTajia K MOCIeAyIoeMy
BoJoueHHI0. OKajMHa JOJDKHA JIETKO YIasThCH,
a MOBEPXHOCTh METAJIa UMETh IIPHU 3TOM TOIy00-
BaTO-cephlii oTTeHOK [17]. MemneHHoe oxiaxie-
HHE MpoKaTa B uHTepBaje Temmeparyp 570—450 °C
NPUBOJUT K BBIICTICHUIO MarHETUTA U O-)KeJie3a 13
BIOCTUTA, HAHOOJIBIIAsi CKOPOCTh PAcIa/ia MoCiIe-
Hero mpoucxoaut npu temneparype ~ 480 °C. Ilpu
JOCTaTOYHO OOJBIINX CKOPOCTSX OXJIaXKACHHS
pacmaj BIOCTUTa yJaeTcsl MPaKTUYeCKd MOIAaBUTh
[15, 13], Tem cambiM oOecnieurBasi XOpOILIYIO yaa-
JSIEMOCTb OKAJINHBI.

Cormacao [15, 13, 14, 23, 5] okanuHa, KoTOpas
COCTOMUT M3 BIOCTHTA M UMEET TOJNIINHY ci0s Oolee
10 MKM 1O CpaBHEHHIO C APYTUMHU €€ MOIU(UKa-
UAMH, HanOoJIee JIETKO yJasieTCsl ¢ HOBEPXHOCTH
OYHTOBOTO IPOKaTa KaK MEXaHHMYECKHM, TaK U XH-
MHUYECKHM CHOCO0aMHU.

Macca okanMHBI Ha TIOBEPXHOCTH HPOKaTa BO3-
pacraer ¢ MOBBIIIEHUEM TeMIIepaTyp ropsueii jie-
dopManuy M BUTKOOOpa30BaHUs, a TaKkKe MNpU
CHWKEHHH CKOPOCTH BO3IYIIHOTO OXJIaXKACHHS
[13, 22, 4]. OnHako McCIenOBaHMsl, BBIIOIHEHHEIE
B paborax [5, 4], mO3BONAIOT yTBEPKAATh, YTO HA
Maccy o0pasyronieiicsi OKJIMHBL, a TaKKe TITyOnHy
00€3yTIepOKEHHOTO CJIOS Hamboyiee 3HAYUMOE
BJIMSIHUE OKa3bIBa€T OJIMH M3 INIaBHBIX TapaMETPOB
pexxuma aedhopManroOHHO-TEPMHUUYECKOH 00paboT-
KU — TeMIIepaTypa BUTKOOOPA30BaHHMs IIPOKATA.

B pa6ore [4] mokazaHo, YTO MpH OXJIAXKICHUN
NpOKaTa B MOTOKE HEMPEPBIBHOIO MPOBOJIOYHOTO
craHa Ha JuHUE CTeJIMOp Macca OKAJIMHBI HA T10-
BEPXHOCTH METAJIa YMEHBIIACTCS TPH CHIKEHUH
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TEMIEPaTypbl OKOHYAHUS BOJSHOTO OXJIAXKICHUS
W TIOBBIIICHHU CKOPOCTH BO3AYIIHOTO OXJaXIe-
Hus. XUMHYECKHM COCTaB CTald OKa3bIBAET pas-
JUYHOE BIHMSIHUE HA CTENCHb YIaJCHUS OKAIWHBI.
K mpumepy, mMenp u cepa yiydmarT yIaleHUE
OKAITMHBI TIPU MEXaHUYECKOM crocode, KpeMHUI
Y HUKEJb OKa3bIBAIOT a0CONIOTHO MPOTHUBOIOJIOXK-
HOE BO3JCHCTBHE, a JIETUPOBAHUE CTAIA XPOMOM
U BoBce He cymniectBenHo [13]. Beuay toro, uro
MPU CKOPOCTSAX BO3MYIIHOTO OXJIQXKICHHUS MpOKaTa
6onee 10 °C/c macca OKaMHBI H3MEHSIETCS HE3HA-
YHUTENFHO, @ XUMHUYECKHH COCTaB BBICOKOYTIIEPO-
JIUCTON CTaJI HAa METAJLTYPTUYCCKUX MPEATPHUSITH-
X OTJIMYACTCS HECYIIECTBEHHO, TO BIUSHHE 3THX
(akTOpOB B HACTOAIICH paboOTe HE paccMaTpUBa-
JIOCB.

Heo6X0omuMo OTMETHTh, YTO JOCTHXKCHUE Tpe-
OyeMoro pe3ynbTara B YCIOBUSX MPOMBIIIICHHBIX
NPEANPHUITHI BCETlla OCHOBBIBAETCS HA CTPaTeTHH
yIpaBICHHUS. UHHOBAIIMOHHOHN JESITeIbHOCTHIO, YTO
MO3BOJISIET CHU3HTH PACXOJl DHEPreTHYECKHX pe-
CYPCOB U MOBBICHTB KOJIOTUYECKYIO 0€301MacHOCTb
npou3BoACcTBeHHOro mpouecca [12]. Ceromws,
B cTpaHax EC, npu moaroToBke MOBEPXHOCTH MPO-
KaTa K BOJIOYCHHIO MPEUMYIIECTBO OTHIACTCS WC-
KIIIOUUTEIIbHO MEXaHUYEeCKOMY CIoco0y ylaleHus
OKAJTMHBI, BCJICACTBUE JCUICBH3HBI U JKOJIOTHYE-
CKOM 4HCTOTHI Takoro mnpoiecca. IIpu 3ToM Ha Me-
TALTYPTHUECKUX MPEINPHUATUIX UCIONB3YIOT pa3-
JIUYHBIC METOMBI OTIPEACICHIS MACChl OKaJIMHBI Ha
MOBEpPXHOCTH OyHTOBOro mpokara [7, 19, 21].
B MupoBO#l NpakTHKe CyIIECTBYIOT HOPMAaTUBHBIE
JOKYMEHTBI, KOTOpBIE COJAEpKAaT METOAUKH, per-
JAMEHTHPYIOIIHME ONpeeICHUE 00IIel U 0CcTaTou-
HOW Macc OKaJHMHbI Ha IOBEPXHOCTH MeTaia,
a TaKkXKe ee CrIocOOHOCTH K yIAICHHIO.

Jlugupyrolye MO3UIUK Mo TepepaboTke OyH-
TOBOT'O TPOKATa IMUPOKOTO MapOYHOTO COPTAMEH-
Ta 3aHMMaeT benbruiickas xommanus «Bekaert»,
KoTopasi KoHTpoaupyeT A0 20 % MHPOBOro phIHKA
METH3HOW Tpoaykimu. TpeboBaHHs, MpenbsBIse-
MbIe K OKaJMHE Ha MOBEPXHOCTH TPOKATa U3 BbI-
COKOYTJIEPOAUCTON CTaJl, TOAPOOHO M3IIOKEHBI
B cnenubukanun komnanuu «Bekaert» GS-03-16.
Macca OKanMHBI ONpPEAENSIeTCS MPH  MOMOIIH
B3BelmMBaHusl ¢ ToyHOcThi0 a0 0,001 r mo cie-
JOyIoUled METOOUKe: MPOU3BOIAT 0TOOp 00pa3LoB
OT TOpSYEKATAHOTO MpPOKaTa M B3BENIMBAIOT WX
(Gy), 3atem ob6a xonma obpasua (mruHoi 50,0 Mm)
MOJBEPraloT XUMHUYECKOMY TPABJICHHUIO 10 MOJHO-

ro yJaJeHHs OKaJIMHBI U OCYIIECCTBISIOT MOBTOP-
Hoe B3BemuBanue (G). TpaBieHbIe KOHIBI METAl-
Ja 32KAMAIOTCS B 3aXBaThl Pa3pbIBHON MaIIMHEI
W TpH TOMOIIMA SKCTEH30METpPa OCYIIECTBISIIOT
6—7 % pactspkeHre o0pasna, a 3aTeM BBIOJIHSIOT
B3BemmBanne obOpasma (Gz). Ilocie pacTskeHus
oOpasel] MOJBEPraloT XHMHUYECKOMY TPaBIICHHIO
O TOJHOTO YAANEHUsS OKAJIWHBI M BBIMOJIHSIIOT
okoHuaTenpbHOe B3BemuBanue (Gg). Mcmomb3ys
MOJyYCHHBIE 3HAYCHUS PE3YJIbTATOB B3BEIIMBA-
HUH, pacyeTHBIM METOJIOM OMNpPEAETSIIOT OOIIYIO
(4, xr/t) u ocratounyro (C, Kr/T) Macchl OKaJIHHBI,
a TakKe CHOCOOHOCTh K YJAJICHHIO OKaJHHBI Me-
XaHUYECKUM CII0COOOM C TIOBEPXHOCTH IMpOKaTa
(B, %).

B menoM, mpencTaBieHHAs METOJMKA Harpas-
JIeHa Ha ONpeJ/ie]IeHue OCTATOYHOW MAacChl OKaJH-
HBl Ha MOBEPXHOCTH OYHTOBOTO NpOKaTa U MpH-
TOJIHA JUIS MCIOJB30BAHUS MEXaHUYECKOTO CIIOCO-
0a ee ynanenus. [Ipu 3TOM CyIIeCTBYET BepoOsT-
HOCTh BO3HHKHOBEHHSI OIPEICICHHOW TOTpell-
HOCTH, KOTOpasi 00yCIOBJIEHa TPABICHUEM KOHIIOB
UCTIBITYeMOro oOpasna. [Ipy Hamuuuu JIerko yjaa-
JSIEMOM OKaJIMHBI Ha MMOBEPXHOCTH METallIa, KOTaa
coJep)kaHUE BIOCTHTA Ha TpaHUIE pasjena Me-
Tay-okanuHa coctaBisieT 10 80 %, xuMmdeckoe
TpaBJieHHe 00pa3loB MOXET MPUBECTU K PaCTBO-
PEHHIO METaJVIOOCHOBBI, HECMOTPA Ha HajH4yue
B TPAaBWJILHOM pacTBope nuaruouropa [16]. Onnako
TaKkoe yTBEPXKJICHHE HE MOATBEPAMIOCH HA TIpakK-
THKE BBHUJy HEBO3MOXXHOCTH OOECHEeUeHHs Tpe-
OyeMoil YCTOTHI HKCIIEPUMEHTA.

Meromuka I1. ®yuke M. u M. Xaiiapuria [20]
Onm3ka K Metoauke kommanuu «Bekaert» u ocho-
BaHa Ha pacTshKeHUH oOpasua o 5 %.

OTnuunTenbHas OCOOCHHOCTh METOJUKH 3a-
KIIIOYaeTcss B TOM, YTO HE MPOBOJST MOBTOPHOE
XMMHYECKOE TPABJICHHE KOHIIOB HCIIBITHIBAEMBIX
00pasioB, O1arofaps 4eMy HCKIIYaeTCs MOrpel-
HOCTbh OTPEJICICHHsI OCTATOYHON MacChl OKAITUHBI.

Meroauka komnanuu «Kobe Steel» [17], koTo-
past Obina mpemynoxxeHa Pobeprcom u M. U. M-
HUHIOM, OCHOBaHA HAa AMITUPHYECKON 3aBUCHMO-
cTH M 0a3upyeTcs Ha MEeXaHuKe paspyieHus. [Ipu
TOM METOJAWKa XOPOLIO COTJIacyeTcs C CYLIECT-
BYIOIICH KOHICMIMEH: Ny4IIue XapaKTePUCTHKH
yAaJeHUs] OKAMHBI 00ECTIeYMBAIOTCS MPH TTOBBI-
HICHUH TOJIUHBI CIIOSI OKAMHBI U OoJiee TIanKoi
MOBEPXHOCTH MPOKATA.
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Metoguka OAO «MonaaBckuii MeTamtypru-
YECKUI 3aBOJ» B IIEJIOM aHaJOTHMYHAa METOJIIUKE
xommnanuu «Bekaert» GA-03-16. OtiauduTtenbHOM
0COOEHHOCTBIO SIBIISIETCSI OTPE/ICIICHUE KOIUYECT-
Ba OCTaTOYHOH OKAJIWHBI, KOTOPOE HCKIIOYAET ee
3aBHCHMOCTD OT OOIIEi MacChl OKAINHBI.

OtnenoM TepMUYecKol 00pabOTKH MeTailia
JUTsE MalmuHOCTpoeHus: MHCTUTyTa YepHOW MeTa-
nypruu uM. 3. Y. Hekpacosa pa3paboraHa u omnpo-
ooBana Ha crade 150-1 TTAO «ApcemopMurran
Kpusoii Por» metonuka onpeaeneHuss Macchl oKa-
JIUHBI Ha TIOBEPXHOCTH OYHTOBOTO MpOKaTa, OXJa-
xaerHoro Ha juauu Crenvop [17]. Kommuecto
OKAJIMHBI  ONpEAENSIeTCS PACUYETHBIM METOIOM,
a B KauyeCTBE HMCXOJHBIX IAHHBIX HCIOJB3YIOTCS:
Macca OKaJIMHBI Ha TIOBEPXHOCTH TOPSYCKATAHOTO
Mertayuia (mepeaHuii KoHel OyHTa), [UIMHA ropsye-
KaTaHoil yacTu OyHTa, Macca OJHOTO IOTOHHOTO
MeTpa MpoKaTa, Macca OKAIWHBI Ha TMOBEPXHOCTH
MpoKaTa, IMOABEPTHYTOTO OXJAXKIEHUIO, JUIMHA
OXJIaXKJICHHOM YacTH OyHTa W 001ast Macca OyHTa.

Merton ompezneneHus 0OmIe Macchl OKaJIMHBI
Ha TOBEPXHOCTH TPOKaTa W3 BBICOKOYTIIEPOIN-
CTBIX MapoOK CTaJIel, KOTOPBII INPUMEHSIETCS CEro-
JTHS. Ha METAJLTYPTUYECKUX MPEIIPUATUSIX YKpau-
HBI, U3JI0KEH B HauuoHanbHOM ctanaapre HCTY
3683-98 (mpunokenune b) [9]. Cormacuo m. 6.1.5
JICTY 3683-98 obOpas3iisl s BceX BUIOB UCIIBITA-
HUH, B TOM YHUCJIE U OIIPEJIEIIeHNs] MaCChl OKAIINHBI,
JUIST TIpOKaTa, OXJAXKISHHOTO IBYXCTaIUHHBIM
crmoco0oM, oTOMparoTCs OT 3aJHEr0 KOHIIA packKa-
Ta, IPU STOM HE YYUTHIBACTCSA JO 25 ropsyekara-
HBIX BUTKOB B TOJIOBHOH YacTw OyHTa.

Crenyer OTMETUTbh, YTO OIpEJeSieHHEe CIoco0-
HOCTH OKaJIMHBI K YAAJCHUIO C MOBEPXHOCTH IMPO-
Kara Ha METH3HBIX MPEINPUATHSIX OCHOBAHO Ha
5—7 % pacTsKeHHH HCCIEeIyeMBIX 00pa3IoB, KO-
TOpOE MeTaJUl IpeTepreBaeT Mpu H3rude B ycT-
policTBe OKaJMHONOMaTens. B memom, paccMoT-
pEHHBIE METOIBl Pa3HOOOpa3HbBl, a TIOCIeN0Ba-
TEJILHOCTh TIPOBEJCHUSI TpeOyeMBIX —OIepauii
1 00pabOTKH AaHHBIX PA3JIMYHEBI U B PsIJIC CIy4acs
cnennduunsl. Metoauka «Kobe Steel» mpu oren-
K€ CTETeHHU yJalleHUs OKaIWHBl YYUTHIBACT BIUS-
HHE ILEPOXOBATOCTH KOHTAKTHPYIOLUIMX HOBEPXHO-
creit, Mmomyns FOHTra OKaNWHBI W JIp. MMOKA3aTelNH.
Meroauka I1. ®ynke miu. u M. XalHpUTIia OCHO-
BaHa Ha OIpeJeNieHHH (aKTHYECKOH Macchl Kak
o011ei, TaK U OCTATOYHON OKAJIHMHBI Yepe3 IMITH-
pUYECKH IOJlydeHHOE ypaBHeHHe. Meron Komma-

Hun «Bekaert» (GA-03-16) ocHoBaH Ha (akTHye-
CKHX PAcCuUETHBIX 3HAYCHHUAX, a OCTATOYHOE KOJIH-
4eCTBO OKaJIMHBI mociie 6—7 % pacTsokeHHs 3aBH-
CHUT OT 0011elt ee Macchl. AHaMTM3KUPYA TpeOOBaHN,
MPEIbSIBISIEMBIC K CBOMCTBAM OKAIUHBI IO CICIIH-
¢ukanun kommannu «Bekaert» cremyer oTMeTHTS,
YTO B KOMIUIEKCE OHHM HEBBIIIOJHUMBI, TaK Kak
4acTh M3 HUX MPOTUBOPEUYUT APYT ApyTy. Tak Tpe-
OoBaHME K 00IEl Macce OKalnuHbI He Oonee 7 Kr/T
u ee tonmuHe 10—14 MKM sIBIsieTcss HEOOOCHOBaH-
HBIM BBUJy TOTO, YTO IPH yKa3aHHOW TOJIIUHE
CJIOS ee Macca MOXKET cocTaBlATh 8—12 kr/T [5].

Ha meraumypriuueckux HpeArnpHATHIX TOCTCO-
BETCKOTO MPOCTPAHCTBAa 00€3yTrIepOKEHHBIN CII0M
Ha TIOBEPXHOCTH OYHTOBOTO IMPOKATa OMPEACISIIOT
mo I'OCT 1763-68 (meTog M). CornacHO METOAM-
Ke KOMITaHUH «Pirelli» (cneuudukarys
Ne 18.V.005) onpenensioT CpeaHIOW TIIyOHHY
00e3yrIepokeHHOro clios 1Mo 8 YCIOBHO pasne-
JICHHBIM CEKTOpaM MOMEPEYHOr0 CEYCHHUs MPOKaTa
1 MaKCUMAaJIbHYIO TI0 OTIEbHOMY cekTopy. ['naB-
Hasl TPYIHOCTh 3aKJTIOYACTCA B M3MEPCHUU JTUH
YYaCTKOB 00€3YTIIEPOKUBAHUS ST KOKIOTO W3
CEKTOPOB, YTO OKAa3bIBACT BIIMSHUE HA TOYHOCTh
OTIpeCIICHMYSI.

Ha 3aBoge PYII «BM3» (r. XKio6un) pazpado-
TaH METOJ METaUIOrpapUUECcKOro OIpeNeICHHs
00e3yrIIepoKEHHOT0 CIIOS TI0 MEPUMETPY MpoKaTta
JUaMeTpoM 5,5 MM M3 BBICOKOYTIIEPOTUCTBIX CTa-
Jiel, B COOTBETCTBHU C KOTOPHIM 00€3yTriIepoKu-
BaHHE OIpeeNsieTcss Ha HUcclelyeMbIX oOpasmax
yepe3 kaxneie 0,24 MM, YTO COOTBETCTBYET BBI-
MOJIHCHHUIO 3aMePOB B 72 Toukax. Pacuer riyOHHBI
00€3yTIIepOKEHHOTO CJI0S MTOBEPXHOCTH IPOKaTa
PacCUYUTHIBAETCS B «IITPAGHBIX» Oasiax.

[Ipu yBenWYEeHUU qraMeTpa UCCIEayeMOoro 00-
paslia KOJIMYEeCTBO 3aMEPOB MPOMOPIIMOHATBHO
YBEIIMYUBACTCS, YTO SBISETCS JOCTATOYHBIM YCIIO-
BHEM 1 OOBEKTUBHOW OIICHKH TIIyOHHBI 00€3yT-
nepoxeHHoro ciosl. [IpeanoxenHas METOJIMKa sB-
JIICTCSI YHUBEPCAIBHOM, HO IIPU 3TOM BECbMa TPY-
JIOEMKOM.

B pa6ote [18] moka3aHa BO3MOXHOCTh OIIpejie-
JICHUsI OOLIeH MaCChl OKAJIMHBI, TJIyOMHBI 00€3yTJie-
POXEHHOTO CIIOS M CPEIHEr0 MEKIUTACTHHOYHOTO
pacCTOSIHUSI B MEPJIUTE MPU U3BECTHOM OJHOM W3
yKa3aHHbBIX ToKazarenei. OJJHaKo s onpeeIeHUsI
9TOTO TMOKa3arels TpedyeTcsi MPOBeICHUE METaIO-
rpagyecKoro aHanmu3a WM HaTH4Yhe JIOMOJHU-
TEIBHOTO JTabopaTropHoro obopymoBanus [4, 5].
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OCHOBHBIE HEIOCTATKH PAaCCMOTPEHHBIX METO-
JIOB CBSI3aHBI C TPUMEHEHHEM CIEIHAILHOTO FWC-
CIIEIOBATEICKOTO  000py0BaHHs  (ONTHYECKHIA
MHKPOCKOII, pa3pbiBHas MallWHA, BBICOKOTOYHBIC
AHAJTUTUYECKUE BECHI U T.1.), TPOJODKUTEILHO-
CTBIO BO BPEMEHH, TPYJIOEMKOCTHIO BBIITOHAEMBIX
orepanuii W COOTBETCTBYIOIIEH KBaTU(pHUKALUEH
pabouero mepconana. [lepeuncneHHsle HegoOCTAT-
KH CHID)KAIOT OTEPATHBHOCTH OMpeeNieHus o0meit
MacChl OKQJIMHBI W TIIYOMHBI 00€3yTIepOKEHHOTO
CJIOSl Ha TIOBEPXHOCTH MPOKATa MPU U3MEHSIOIIHX-
Csl TEXHOJIOTHYECKUX ITapaMmeTpax pexxuma nedop-
MaIlMOHHO-TEPMHIECKOH 00pabOTKH MeTasla.

Hean

YCTaHOBUTh YHHBEpCAIbHBIC SMIHPHUYECKHUE
3aBUCHMOCTH, KOTOPbIE MO3BOJST IPOHU3BECTH
OTIEPAaTUBHBIN pacdyeT MacChl OKAIWHBI, TIyOHHEI
00e3yTrIepoKeHHOTO CNIOSl U APYTHUX KayecTBEH-
HBIX TIOKa3aresieil OyHTOBOTO MpPOKaTa, OCHOBBIBA-
ACh Ha IapaMeTpax TEXHOJOTHYECKOTO IIpoliecca
€ro MPOU3BOJICTBA.

Mamepuan u memooduxa uccredosanuti. Vic-
CJICZIOBAHMS BBIOJHEHBI Ha MPOMBINUICHHBIX Tap-
TUSIX OYHTOBOTO MpokaTa u3 craneil mapok SAE
1006 u SAE 1065, xuMuveckuii coctaB KOTOPBIX
cootBeTcTBOBan crangapry ASTM A 510M
(ra6a. 1). VYamamfeMOoCTh OKAIWHBI OIpPEIAEIISITH
B COOTBETCTBUM C METOIMKAMH KOMIIAHUH
«Bekaert» no crerudukarusim: GA-03-16 «Konu-
YECTBEHHOE OTpE/eICHIEe OOmeld M OCTaTOYHOM
Macc OKaJIMHBI M CIOCOOHOCTH K €€ yIAJICHHIO
C TMOBEPXHOCTH MPOKaTa W3 HHU3KOYTIEPOIAMCTHIX
M BBICOKOYIIIEPOAMCTHIX cTanei», GA-03-18 «Hc-
NBITAaHWE HAa yJAJIEHHE OKAIWHBl MEXaHUYECKUM
CIoco0OM C MOBEPXHOCTH MPOKaTa U3 HU3KOYIJIe-

pomuctoii cramu», GS-03-02 «[Ipokar u3 Hu3KO-
YTIEPOAUCTON CTANH ISl MEXaHHYeCKOTo ynaaie-
Hust okanuHbe», GS-06-01 «IIpokaT u3 BBICOKOYT-
nepoaucTol cranu kadectBa Crtenmop». ImyOuny
00e3yrIIepOKEHHOTO  CJIOSI  MIICHTHU(UIIMPOBAIU
B cootBeTcTBuu ¢ I'OCT 1763-68 (MeTom M). Uc-
MOJIb3yeMble TPUOOPBI U 000pYyAOBaHHUE: Pa3phIB-
Hast marmHa «P-50%», pacTBOp CONMAHON KHCIIOTHI
¢ uaruduropom TJIA, MOATOTOBIEHHBIH B COOT-
BercTBHM ¢ TpeboBanusamu JICTY 3683-98, Brico-
kotouHble Bechl «JD 100» ¢ TOYHOCTHIO B3BEIIH-
Banuss 0,001 1, peHTreHoBCkuil amdpakToMerp
JIPOH-2.0, cBeTOBbIE ONTHYECKHE MHUKPOCKOIIBI
«Neophot-21», «Axiovert 200M MAT», sjek-

TPOHHBIM  pacTpoBelli  Mukpockon  «VEGA
TS5130MM».
Pe3yabTaTthl
PazpaboTka HOBOro Meroza 3aKiroyanach

B CO3JaHUH CII0co0a OMpE/IeNICHNUsI MacChl OKalH-
HBl ¥ TIyOWHBI 00€3yTIIEpOKEHHOTO CJIOS Ha II0-
BEPXHOCTH TIpOKaTa, KOTOpPBIA OBl HE TpeboBai
NPUMEHEHUS BBIIICYKa3aHHBIX ONEpaIvili U Xapak-
TEpU30BAJICSI  IOCTATOYHON  YHHUBEPCATBHOCTHIO
U ONEPATUBHOCTHIO TMPH W3MEHEHHUH OJHOTO H3
TJIaBHBIX TapaMeTpoB pexumMa JedOopMarioHHO-
TepMHYecKoll 00paboTkn Mertayuia (TemriepaTypsl
BUTKOOOpa30BaHus).

HoBelit cioco0 ompeneneHust Macchl OKaJHHEI
U TIIyOUHBI 00€3yTJIEPOKEHHOTO CIIOSl Ha MOBEpX-
HOCTH MeTajula IPeayCMaTPHBAET BO3MOKHOCTB
OTEPAaTUBHON KOPPEKTHUPOBKH PEKUMA OXJIaxIe-
HUS TIPOKAaTa, U3rOTaBIMBAEMOT0 Ha IIPOBOJIOYHOM
CTaHEe TPH U3MCHSIONIMXCS TEXHOJOTHMYCSCKHUX Ta-
paMeTpax ero npou3BOJICTBA.

Tabnuma 1
Xumunyeckuii cocraB 6yHTOBOro mpokara no ASTM 510/510M
Table 1
Chemical composition of rolled coil steel by ASTM 510/510M
Mapxka Jnametp Xumuueckuii cocras crand, % (macc.)
cTaim Hpokara, MM C Mn Si P S Cr Ni Cu
SAE 1006 55 0,07 0,36 0,06 0,007 0,023 0,028 0,017 0,028
SAE 1065 55 0,65 0,71 0,25 0,024 0,029 0,050 0,020 0,050
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Pemenne mocTaBieHHOH 3amaun oOecrevnBa-
JIOCh T€M, YTO pa3pabOTaHHBIA CMOCOO OCHOBBIBA-
eTcs Ha (JaKTHYECKOM U3MEPEHHH MACChl OKAJIMHEI
U TIyOWHBI 00€3yTIEPOKEHHOIO CJIO0sl, KOTOpHIC
OIPEACISAIOTCS B PEANbHBIX MPOM3BOACTBEHHBIX
YCIIOBUSAX C HMCIIONB30BAHUEM CTaHJAPTHOTO IMPO-
MBIIUIEHHOTO 00opynoBanus. [lpu mnpoBeaeHHH
UCCIICIOBAHUI pPACcKIIaJIKy MeTajula BHTKaMU Ha
TPAHCIOPTEP MPH MOMOIIM BUTKOYKIATIHKA MPO-
u3BOAWIM B MHTepBaie Temmepatyp (800—940) +
20 °C, ¢ marom B 50 °C. [Iy1g kakao0i U3 TeMIepa-
Typ BHUTKOOOpPa30BaHUS M3MEPSIIU TIyOMHY 00e3-
yrnepoxxenHoro cnosi (mo 'OCT 1763-68) u pac-
CUHTHIBAIM MACCY OKAJIMHBI Ha MOBEPXHOCTH OYH-
TOBOTO TPOKAaTa, U3TOTOBJIEHHOTO U3 cTaneir SAE
1006 u SAE 1065 (cm. tadm. 1). [lns pacuera mac-
CBbl OKAJIMHBI HA MOBEPXHOCTH MpoKaTa (13 HU3KO-
1 BBICOKOYTIJIEPOAUCTHIX CTajeit) B yciaoBusx ITAO
«ApcenopMuttan Kpusoii Por» paspaborana me-
tonuka Ha 0ase cnerudurarmii GA-03-16, GA-03-
18, GS-03-02 u GS-06-01 xommanuu «Bekaert»,
B COOTBETCTBUU C KOTOpPOIl OTOMpParOT 0Opa3ibl
mmaoi 300,0 MM OT rops4yekaTaHoro MeTaia,
HE TOJIBEPraloT MPaBKe M BBIMOJIHSIIOT B3BEIIMBA-
uue (G1). 3areM Ha 000MX KOHIIAX 0Opa3IOB HAHO-
CAT MICHTH()UKAIIMOHHBIC HAJIPE3bl, TPABAT B pac-
TBOpe KHCIOTHI (rayouna morpykenus 50,0 mm,
BpeMsl TpaBlleHHs 15 MHHYT), TOCIIE€ Yero KOHIIBI
00pasIoB MPOMBIBAIOT M CYILIAT, 3aTEM BBIOJIHS-
10T B3BemmBanue (G;). Ilocnmenyromiee pactsbke-
HUE 00pasloB C OCTAaTOYHBIM YuinHeHHeM 6 %
(mpokat u3 cramu SAE 1065) u 7 % (npokar us
cramu SAE 1006) BBIMONHSIOT TakuM 00OpazoM,
yTOOBI paboyvas AmuHa 00pa3IoB MEXIy 3axBara-
MU pas3pbiBHOM MamuHbel cocTaBistia 200,0 mwm.
VYnaneHue oCTaTKOB OKAJHMHBI C MOBEPXHOCTH Me-
TaJjia OCYIIECTBISIFOT MPU MOMOIIM YEThIPEXKPAT-
HOT'O 00JyBa CKaThIM BO3JyXOM, IPH 3TOM Kax-
Il pa3 oOpaszen moBopaumBaetcs Ha 90°, 3arem
npou3Bo T B3BemmBaHue (Gz) M OLCHUBAIOT CO-
CTOSTHHE TIOBEPXHOCTH B COOTBETCTBHH C STAJIOH-
HeiMu (otorpadusmu (prc. 1). OcTaBmiasics oka-
JMHA Ha 00paslie TPaBUTCS B PACTBOPE KUCIOTHI B
TeuyeHHe 3 MUHYT, MOCJIe YEero BBITIONHSAIOT OKOH-
yarenbHoe B3BemmBanue (Gg).

Pacuer o6mieii (4, xr/t) u ocratounoit (C, kr/t)
Macc OKaJIMHBI, a TAK)Ke €€ CIIOCOOHOCTH K yJale-
HUIO MEXaHHYEeCKUM crocoboM (B, %) BHIMOIHS-
ercs o popmynam (1-3):

A=(G,-G,)+G,-1000 |,

(G, -Gs)
(6, -G,)

B=(G,-G;)+(G,~G,)-100.

C=(G,~G,)+G,-| 1- 1000,

CornacHo pabothsl [1], TouHOCTH OmBITA OMpe-
JensieTcss BEIMYMHOM OTKIOHEHUS W3MEPEHHOTO
3Ha4YeHHsl OT JCHCTBUTENBHOrO, C OMIMOKOH (Io-
IPELIHOCTHIO) KCIeprMeHTa. Pacdyersl mokasand,
YTO B 3aBHCUMOCTH OT TOYHOCTH B3BEIIMBAHHSA
00pas3I0B MOTPEIIHOCT IKCIIEPUMEHTa OyIeT pas-
suaHo#: npu tounoctu BecoB 0,001 r — 17 %, npu
0,005 r — 85 %. B cBsi3u ¢ 5THUM IpU MPOBEACHUH
UCCIIEIOBAaHUI 00pa3Ibl B3BEIIMBAIN Ha BBICOKO-
TOYHBIX AHATUTHYECKHX BECaX C TOYHOCTHIO JIO
0,001r.

[Ia60H Ui BBIMOJIHEHUS MAapKUPOBKH M Ha-
pe3ku 00pas3IoB MPUBEIEH Ha PHC. 2.

3aBUCHUMOCTH OIpEACIICHUs O0IIel U OCTaTou-
HOW Macc OKaJIMHBI Ha IMOBEPXHOCTH OYHTOBOTO
nmpokara u3 craneid mapok SAE 1006 u SAE 1065
MOJIYICHBI TIyTeM CTaTUCTHYECKOW 00paboTKH
9KCTIIEPUMEHTAIBHBIX JAHHBIX MPOU3BOICTBEHHOTO
nporecca Ha mpoBosiouHoM crane (I1C-150-1)
I[TAO «ApcenopMutran Kpusoit Por». Ilposo-
JIOYHBIA cTaH oOOOpyJIOBaH JMHHEH  BOJO-
BO3AYIIHOrO oxJaxaeHuss CTeIMOp C COOTBETCT-
BYIOIIMMH KOHTPOJIbHO-U3MEPHUTEIBHBIMUA TIPUO0-
pamu. bynTtoBoii mpokar u3 crameii SAE 1006
n SAE 1065 aumamerpom 55 MM mpokarsiBajics
U3  HENPEpPHIBHOIUTOH  3arOTOBKH  CEYCHUEM
125x125 MM, HarpeB U TOps4ylo AedopMaLuio
npoBoawin B cootBercTBum ¢ TU 228-111-02-03.
B Tabn. 2 mpencraBieHbl JaHHBIE O TEMIIEPaType
HarpeBa 3arOTOBOK B IIEUH.

TexHONIOTHYECKHE PEXUMBI OXJIXKICHUS OyH-
TOBOTO Ipokara Ha JUHUU CTeIMOp HpPUBEICHBI
B Tabin. 3, a MexaHHYeCKHe CBOWCTBa OyHTOBOTO
npokara — B Tabxn. 4. Meramutorpaduyeckue uc-
CIIeIOBAaHMS TTOKA3aJIM, YTO HOMEpa NECHCTBUTEIb-
HBIX 3€peH M3MEHSIOTCS B npeaenax 8—10 mis cra-
mu SAE 1006 u 8—11 nns cramu SAE 1065, a pasz-
Oer 3Ha4eHHWH U Ka)XIOro U3 PEKUMOB HE TIpe-
BbimaeT 2—3 HoMmepoB. Ilpu »3TOoM creayer
OTMETHTB, YTO JIsi HEOXJAXKACHHOTO IeperHero
KOHIIa OyHTOBOTO IpoKara OO0EMX MapoK CTajIH
XapaKkTepHbIM SBIAETCS YyBEIWYEHHE pPa3MepoB
JecTBUTENBHOTO 3epHa Ha 1—-2 Homepa. Ha mo-
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BEPXHOCTH HEOXJAXKACHHOTO TopsiueKaTaHoro me-  oOpasnoB. TonmmmHa clios OKAJMHBI Ha HOBEPXHO-
penHero xKoHna OyHTOBOTO Mpokara u3 crayiei ma- ¢t mpokara w3 cramm SAE 1006 cocraBmser
pok SAE 1006 u SAE 1065 o6myro maccy okamu-  0,008-0,026 MM, a u3 cramu SAE 1065 —
HY He yaanoch uaeHTuduIupoBars B noiaHoM o0s-  0,003-0,017 MM cooTBEeTCTBEHHO.

C€MC 13-3a €€ CKaJIbIBaAHUS IIPU OT60pC 1 IIOATOTOBKE

Puc. 1. DranonHas mKkasa onpeneaeHus Tuma (koaa)
COCTOSIHUS TIOBEPXHOCTH OYHTOBOTO TIpoKara auameTpom 5,5 mm [10]:
A — uncras Ccepasd MOBEPXHOCTh HpOKaTa; B — HeGoublne 0cTaToOYHbIE TEMHBIE IIITHA WU CJIa0bIe CJIeZIbl OKaJIMHBI,
C — 3HauuTenbHast yacTh moBepxHocTH (20 %) MOKpHITA TEMHBIMH MATHAME HJIM Ha CyGCTpaTe MpoOKaTa OTYETIMBO BUIHBI
OCTAaTKU OKAJIMHBI, D- KPYIHBIE CIUIOIIHBIC YYACTKU ITOBEPXHOCTHU ITOKPBITHI TCMHBIMU NIATHAMU
WK HA cy6CTpaTe TpoKaTa OTYETIIMBO BUAHBI OCTATKHU OKAJIMHBI

i ]

Fig. 1. Reference scale for determination of type (code) of surface state of the rolled coil steel of 5.5 mm diameter
[10]:
A — clean grey surface of rolled steel; B — small residual dark spots or faint traces of scale;
C - asignificant part of the surface (20 %) is covered with dark spots or scale residues are clearly visible on the rolled sub-
strate;
D — large continuous surface portions are covered with dark spots or scale residues are clearly visible on the rolled substrate

A-A
R Ay
2 3
200 My \
\
=
§\\\\\‘\\\\N

a—a 6—b

Puc. 2. Dcxu3 npucmocobaeHns TOArOTOBKH 00pasioB
TS OTIPEICIICHHSI MacChl OKAIIMHBI U COCTOSIHHS TIOBEPXHOCTH TI0 MeTozanke «Bekaert» [10]:
a — pa3Mep oTOupaeMbIXx 00pa3ioB U paboyast JyTuHA oOpasia; R — panuyc BuTka npokata; 6 — 1 — ocHoBaHue; 2 — YrIIOBOI
MPOQUIb C TPOPE3SIMHU JUTS TIOJIOTHA HOXKOBKH; 3 — TOpSYCKAaTaHbIi OYHTOBOM MPOKAT

Fig. 2. Sketch of sample preparation tool for determination of scale mass
and surface state by Bekaert method [10]:
a — size of selected samples and sample working length; R —rolled coil radius; b — 1 —basis;
2 — corner profile with hacksaw blade slots; 3 — hot-rolled coil steel
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C uenbro u3ydeHus (a3oBOTO COCTaBa OKalU-
HBI HA TIOBEPXHOCTH OYHTOBOTO MPOKATa, H3rOTOB-
JICHHOTO TI0 Pa3InYHbIM PEXHMaM JBYXCTaJIUHHO-
o OXJAXKICHHUS, OKAIMHY OTOUpaId METOA0M
KpY4EHUs TIPH OJATOTOBKE 00pas3IoB.

@a30BbIil COCTAaB OKAIMHBI ONPEAEISUIN 10 U-
¢pakrorpamMmaM, TOJIYYEHHBIM Ha YCTaHOBKE
JPOH-2,0 B MenHOM H3IY4YEHUH C TPaduTOBHIM

MoHOXpomaropoM. Ha mudpakromerpe npensapu-
TENbHO OBUIM 3alMCaHbl STAJOHHBIE CMECH, CO-
JiepXKalllie pPa3iuyHOe COOTHOLICHHE OKCHJIOB
(BIOCTUT, MarHeTuT, reMaTut). PaciudpoBky mau-
¢pakTorpaMM W HACHTUPHUKALUIO (a3 OCYIIECTB-
TS 110 TU(PAKIIMOHHBIM XapaKTePUCTHKAM 3Ta-
JIOHHBIX cMecel (Tabi. 5) u M3MEHEHHIO 3HAYCHHI
yrIIoB AU paKIHy.

Tabnuma 2
TemnepaTypa HarpeBa MeTa/lJia B €4
Table 2
Metal heating temperature in furnace
Temmneparypa Harpea Metaiuia no 3oHam neun (£20 °C), °C
Mapka cranu
30Ha 1 30Ha 2 3oHa 3 30Ha 4 30Ha 5 30Ha 6 30Ha 7
SAE 1006
720 730 1090 1200 1160 1205 1215
SAE 1065
Tabauna 3
ITapameTphl pesKUMOB IBYXCTAIHITHOTO OXJIAKICHHS
OyHToBoro mpokara u3 crajeii SAE 1006 u SAE 1065
Table 3
Parameters of two-stage cooling modes of rolled coil
steel of SAE 1006 and SAE 1065 grades
CkopocThb Temnepatypa BUT- Cropocts Tpasc- [Tonoxxenue remuo-
Ne Mapxka p patyp HopTepa Ha CeK- Pabora BenTHIIATO-
TIPOKATKH, KOOGpaSOBaHI/IH, N30JIIUOHHBIX
pexuma | CTau e oC usix (1-7) nuanu — POB, 06/MHUH
Crenmop, m/c
1-1 800+20 0,50-0,55
Nel-7 —900; Ne8-
1-2 SAE 850+20 0,50-0,55 12 — orkir.; Ne 13-
1006 86,8 BCE OTKPBITHI 14 - 200; Ne 15 —
1-3 900+20 0,50-0,55 150; Ne 16-17 -
100
1-4 940+20 0,50-0,55
2-1 800+20 0,50-0,55
Nel7 —900; Ne8-12
22 SAE 868 850+20 0,50-0,55 BCe OTKPBITHL — OTKJIL; Nel3-14 —
1065 ' 200; Nel5 —150;
2-3 900+20 0,50-0,55 No16-17 — 100
2—4 940+20 0,50-0,55
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Tabnuua 4

Mexanmndeckne cBoiicTBa’ mccieyemoro GynTosoro npokarta us crajeii SAE 1006 u SAE 1065

Table 4
Mechanical properties of the tested rolled coil steel of SAE 1006 and SAE 1065 grades
Ne i\;[g?(; 0B, S10, W, . Howep TonmuHa ciost oka-
pexuma p Oé)z MIIa % % HeHCT:;)T;;bHOFO JIMHBI, MM
11 390-400 29-34 71-72 10-9 0.009-0 011
? 396,7 317 713 ! e
390-410 29-32 70-72
1-2 0 10; 9 0,008-0,013
401,7 30,3 70,7
385-385 31-33 7577
1-3 0 10; 9 -
385,0 32 76,3
380-400 30-31 75—76 98 3
» ‘ 388,3 30,3 757 !
390-405 31-34 72-73
0 10; 9 0,024-0,026
396,7 32,3 72,3
1 000-1 040 11-12 47-49
2-1 0 11; 10 0,008-0,009
1021,7 11,5 47,7
970-1 045 12-14 45-47
2-2 0 10; 9 0,008-0,010
1010 12,7 46,0
980-1 015 11-14 42-47
2-3 0 10; 11 0,006-0,008
998,3 12,5 447
1070-1130 9,2-110 39-42
2 9;8 0,003-0,004
24 1098,3 10,2 40
1060-1115 11,5-125 39-42
o 10; 11 0,016-0,017
1.091,7 12,0 40

[pumeuanne: 1 — B YHCIUTENEe MHHAMAIbHOE W MaKCHMalbHOE 3HAYEHWs, B 3HAMEHATENlC — CpEIHEE;
2 - (2) - ropsuekaraHBIi TepenHWH KoHern OyHTa, (0) — OXI@KICHHBIM 3aJHAM KOHeI[ OYyHTa;
3 — ucnerranus mo 'OCT 5639-82.

Tabnuma 5
CocTaB 3TaJIOHHBIX cMeceil 1715 onpeneaeHns (Ga3oBoro COCTaABa OKAJTNHBI
Table 5

Composition of reference compounds for determination of scale phase composition

CocraB 9TaJIOHHBIX cMecei, % macc.
Ne 1 Ne 2 No 2 Ne 4

33,3% - F6304
33,3 % — Fe,04
33,3 % - FeO

10 % - Fe;04
5% - Fe,03
85 % — FeO

25 % — Fe;04
15 % — Fe,04
60 % — FeO

50 % — Fe;0,
50 % — FeO
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Ilpu pacmmdpoBke MOTYYEHHBIX AU(PPAKTO-
rpaMM YCTaHOBJIEHO, YTO KOJMYECTBEHHOE COOT-
HOIICHHE (Da30BBIX COCTABISIONIMX OKAJIMHBI IPH
MPOYMX PABHBIX YCJIOBHSIX 3aBHCUT TJIaBHBIM 00-
pasoM OT TeMIepaTypbl BHTKOOOpa3oBaHHs Me-
tayuia. MccnenoBanust mokas3aiy, 4ToO IIPU H3MEHe-
HUM TEMIIepaTypbl BUTKOOOpa30BaHMs Ha MOBEPX-
HOCTH TpOKaTa o0pa3yercsi OKaJuHa, COCTOSIIast
u3 1Byx-tpex ¢as (tab. 6).

TOYHOCTh KOJIMYECTBEHHOTO AHAIN3a 3aBUCHT
OT TPEICTaBUTENBHOCTH NMPOO — KOJIUYECTBA Be-
mecTBa (OKanuHbI). B KauecTBe CBA3YIOIIETO Ma-
TepHaa MCHOIb30Bajcs Ba3enuH. [IpumeHuTs Me-
TOJl TOMOJIOTMYECKHX Tap B JaHHOM Cllydae
HE TPEACTaBISIOCH BO3MOXKHBIM BBUIY TOTO, UTO
OH TpenHa3HaueH Uil JABYX(a3HBIX 00pa3IoB.
Crioco6 HajoKeHUs] OCHOBaH Ha HCIOJIb30BaHUH
NPEBAPUTEIFHO CHATHIX JTAIOHHBIX (CMECsAX H3-
BECTHOI'O COCTaBa) 00pa3lax, OTINYAFOLINXCS Me-
XKIy co0OW CTyNmeH4YaThiM W3MEHEHHWEM OTHOIIE-
HUS uHTeHcuBHOCTEH. Ilocne wero cpaBHUBAIOT
MHTEHCUBHOCTh JTAJIOHHBIX M HCCIEIyeMbIX 00-
pasmoB.

HccnenoBanus oka3aiy, YTO MU MOBBILICHUN
TeMIepaTypsl BUTKOOOpa30BaHHs MeTajula Ha JIU-
Hun Crenvop B nuanazone temmepatyp 800—940 °C

KOJIMYECTBO OKAJIMHBI M TIIyOWHA 00€3yIIIepOKEH-
HOTO CIIOs TSt Tipokarta u3 ctaimu Mapku SAE 1065
M3MEHSIFOTCS CIIETYIOIIM 00pa3oM:

— MPU PacKJIaJKe Ha BUTKU NPU TEMIICPATypax
800, 850, 900 u 940 °C u nocienyromero Bo3IyIi-
HOTO OXJ@KICHHUS CpeIHHE 3HaueHHUs oOIei
Macca oOKamumHbI cocrasisior. 3,85, 3,59, 3,36
u 9,19 xr/tr, a ocrarounoir — 0,11, 0,16, 0,18
n 0,22 kr/T COOTBETCTBEHHO;

— CcpemHss TIIyOMHa 00e3yTIIEPOKEHHOTO CIIOS
nocie oxJaxIeHus: mpokara ot temmeparyp 800,
850, 900 u 940 °C cocrasasger — 0,11, 0,09, 0,08
u 0,05 MM COOTBETCTBEHHO.

st mpokara U3 HU3KOYINIEPOJUCTOM CTaiy,
B yactHoctu SAE 1006, rimyOuna oOe3yriepoxe-
HOTO CJIOSI HE TIOJIBEPraeTcsi KOHTPOIIO HU OJHUM
M3 CYNIECTBYIOIIUX HOPMATHBHBIX JOKYMEHTOB,
BBHJIy HCBO3MOXHOCTH €€ OINPEACICHUS METOJI0M
MeTauorpaUueckoro aHalu3a, a KOJHYECTBO
OKQJIMHBI M3MEHAETCS B TAKUX IMAIa30HaXx.

— NP pacKJIaJKe Ha BUTKU NPU TEMIIEpPaTypax
800; 850; 900 u 940 °C u mocnexyroniero Bo3IyIi-
HOrO OXJIAKICHHS CPEIHHE 3HAYCHMs OOIIei Mac-
cbl OKainumHbl cocrasisaror. 4,64; 5,85; 10,33
u 11,17 xr/t, a ocrarounost — 0,67; 0,73; 0,30
n 0,33 Kr/T COOTBETCTBEHHO.

Tabnuma 6

Da3oBblii COCTAB OKAJIMHBI HA IOBEPXHOCTH OYHTOBOro0 nmpokata mapok SAE 1006 u SAE 1065

Table 6
Scale phase composition on the surface of rolled coil steel of SAE 1006 and SAE 1065 grades
e Temmeparypa KonnuecTBeHHOE coziepiaHue OKCHIOB xenesa, %
o Mapka
BHUTKOOOpa30BaHM,
pexuma CcTaln o
C Brocrut (FeO) Marnerut (FesOy) Iematut (Fe,03)
1-1 800+20 ~90 8-10 ~2
1-2 850+20 88-90 10-12 -
1-3 SAE 900+20 ~85 ~15 -
1006
940+20 ~80 ~15 ~5
1-4 ropsiyeKaTaHbli me- 75-80 20-15 -5
penHuit KoHer OyHTa
2-1 800+20 85-88 10-12 ~2
2-2 SAE 850+20 85-88 10-12 ~2
2-3 1065 900+20 83-85 ~15 ~2
2-4 940+20 80 17-15 3-5
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B Ttabn. 7 npuBeneHpl pe3ynbTaThl B3BEIIMBa-
HUH, pacyera o0meil 1 0CTaTOYHONW MacC OKaJIMHBI
Ha TOBEPXHOCTH METaJljla, a TaKXKe ee CIIOCOOHO-
CTH K YJIQJICHUIO B 3aBUCHUMOCTH OT TEMIICPATypPbl
BHUTKOOOPA30BaHUs METAJUIA.

AHanm3upys MONyYeHHBIE PEe3yJIbTaThl, MOXKHO
cllejIaTh BBIBOJA O TOM, 4uTo i ctaau SAE 1006
HaWIy4Inas CHoCOOHOCTh K YNAICHUIO OKAaJIMHBI
cocrasiser 96,8-97,5 % u 96,7-97,6 %, xotopas
HaOroaeTcs Ha 00pasmmax MeTaia, OXJIaKIeHHO-
ro nmo TeMmeparyp BHUTKooOpazoBanusi 900
n 940 °C coorBercTBeHHO. [l YKa3aHHOTO TeM-
MepaTypHOrO AWana3oHa XapaKTePHBIM SBIISIETCS
1 MUHMMAaJIbHOE KOJIMYE€CTBO OCTATOYHOMN OKaJIMHBI
Ha MOBEPXHOCTH MeTajuia. [y mpokara W3 CTaiu
SAE 1065 nawmmydmiue mokazareid 1Mo yaaiseMo-
CTH OKA&JHMHBI JIOCTUTHYTBHI TIPU TEMIIEpaTypax
BuTkooOpazoBanust 800 u 940 °C — 95,9-98,3 %

u 97,3-97,9 % cooTBeTCTBEHHO, a MHUHUMAaILHOE
KOJIMYECTBO OCTATOYHON OKaMHBI Ha TOBEPXHO-
CTH MeTaJljla HaOJII0JIaeTCs MIPU TEMIIEpATypPe BHUT-
kooOpazoBanus 800 °C. [Ipu cHmKeHHH TeMIiepa-
Typsl BHTKOOOpa3oBaHus (MPH MPOYMX PABHBIX
YCIIOBUSIX: CKOPOCTH IIEPEABMIKEHUS BUTKOB II0
pONMKOBOMY TpaHcnoprepy jguHuu CTenmop, Ko-
JIUYECTBY 3aJIeICTBOBAHHBIX CIIUHUI] U PEKUMOB
paboThl BO3AYIIHBIX BEHTWJIATOPOB, MOJIOXKCHUIO
TETUTON30JIAIHOHHEIX KPBIIIEK) obImas Macca oKa-
JIUHBI CHUXKAETCS, a OCTaTO4YHas Bo3pacraer. llpu
Temnepatype BuTkooOpazoBanusi 850 °C u Huke
Ha TIOBEPXHOCTH MeTajlyla 00pa3yercs I'eMaTuT
XapaKTepPHOTO KPAaCHO-PBDKEro OTTeHKa  (I[BET
PIKaBYMHBI), YTO MPUBOTUT K TOTEPE TOBAPHOTO
BUJIa METAJUIONPOYKIIMU U OMACEHUI0 OTpeOuTe-
JIell OTHOCUTEIILHO BO3MOKHOCTH JalbHEHIIICH ee
nepepaboTKH.

Tabnuma 7
PESyJIbTaTbI I/ICl'[])ITaHI(Iﬁ o MeXﬂHH'{GCKOMy yz[a.ﬂeﬂmo OKAJIUHBbI
¢ MOBepXHOCTH OyHTOBOro npokaTta mapok SAE 1006 u SAE 1065
Table 7
Tests results for mechanical descaling of the surface
of rolled coil steel of SAE 1006 and SAE 1065 grades
No Gy, Gy 1 Gs 1 Gsy T A, xr/T B.% C, xrlt Kox (Tum)
pexuma IIOBEPXHOCTHU
Cranp SAE 1006
1-1 57,712 57,622 57,480 57,453 4,49 84,0 0,72 B
57,980 57,893 57,749 57,724 4,42 85,2 0,65 B
57,732 57,632 57,466 57,442 5,02 87,4 0,64 B
1-2 56,190 56,074 55,882 55,856 5,94 88,1 0,71 B
55,714 55,615 55,461 55,431 5,08 83,7 0,83 B
56,437 56,323 56,094 56,069 6,52 90,2 0,64 B
1-3 58,142 57,932 57,493 57,482 11,35 97,6 0,28 B
58,031 57,845 57,486 57,475 9,58 97,0 0,29 B
58,217 58,024 57,645 57,632 10,04 96,7 0,33 B
1-4* 56,248 56,216 56,129 56,098 2,67 73,7 0,70 C
55,792 55,741 55,659 55,631 2,87 74,5 0,74 C
55,812 55,783 55,751 55,721 1,63 51,6 0,79 C
1-4 57,194 56,975 56,523 56,508 11,99 96,8 0,39 B
57,696 57,482 57,085 57,072 10,82 96,8 0,34 B
57,354 57,147 56,750 56,740 10,71 97,5 0,26 B
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OxoHuyaHnue Taba. 7
End of table 7
Ne Gy, Gy T Gs 1 Gy A, xr/T B,% C, xrit Kon (Tum)
pexnma MOBEPXHOCTH
Crans SAE 1065
2-1 57,530 57,460 57,339 57,335 3,39 96,8 0,11

58,085 58,009 57,867 57,861 3,86 95,9 0,16
58,278 58,199 58,030 58,027 4,31 98,3 0,08
2-2 57,020 56,949 56,822 56,816 3,58 95,5 0,16
56,550 56,474 56,348 56,342 3,68 95,5 0,17
58,025 57,955 57,826 57,820 3,53 95,5 0,16
2-3 55,638 55,573 55,463 55,454 3,31 92,4 0,25
56,552 56,484 56,370 56,366 3,29 96,6 0,11
56,811 56,741 56,620 56,613 3,49 94,5 0,19
2-4! 56,312 56,288 56,252 56,224 1,56 56,3 0,68
55,937 55,898 55,835 55,811 2,25 72,4 0,62
56,670 56,634 56,585 56,557 1,99 63,6 0,73
2-4 57,384 57,182 56,823 56,813 9,95 97,3 0,27
57,477 57,291 56,921 56,913 9,81 97,9 0,21
57,325 57,170 56,884 56,877 7,82 97,6 0,19

W W WO O 0 W W W w ww w W w

I[Ipumeuanue: 1 - ropsuexaraHslil IepeAHNI KOHEI] OyHTA.

Bosnukarommii TpaieHT TeMreparyp HpH pa3- B pe3ysbTaTe 4ero IoJydeHbl CIEAyIOIIfe ypaBHe-
JIMYHBIX TEMIIEpaTypax BHTKOOOPA30BaHMS, HECMOT-  HHUS PETPECCUH:
psl Ha HE3HAUMTENBHO OTIMYAroIImMiics (a3oBbIil co- — quist ipokara u3 cranmu SAE 1006:
CTaB OKaIMHBI (TalOl. 5), MPUBOIUT K 0OpPa30BaHHIO )
Aspe1006 = 44,597 -InT,, —293,9;
BTOPHYHBIX OKCHJIOB Ha I'PAaHMIIE pa3Jieia MEeTauio-

KajiuHa C pa3jiMYHbIMU CBOMCTBaMU H, COOT- _ 3 —6 2
Conio0s =1 4371-T2, -10° —3,7619- T2 x
BETCTBEHHO, CHOCO6HOCTI/I K MCXaHUYCCKOMY yJaJic-

HUIO OKAJMHBI C TIOBEPXHOCTH OYHTOBOTO TPOKATa. x107%+3,273- Ty, —945,9;
JlaHHBIE MeTa/uIorpaMuecKoro aHaimza H3Me-
peHus TayOuHBI 00E3yTJIepOKEHHOTO CJIOSl Tpea- — Juist ipokara u3 cranmu SAE 1065:

CTaBJIEHbI B Ta0I1. 8.

I'paduyeckoe mpezcTaBicHUE pPE3YIBTATOB HC-
CJIC/IOBAHUI B 3aBUCUMOCTH OT TEMIICPATyphl BUTKO-
00pa3oBaHMs MPOKaTa MPUBEACHO HA pUC. 3—5.

CrarucTryeckas 00paboTKa JaHHBIX MO3BOJAIIA
YCTQHOBUTh  KOPPEJSIMOHHYIO  CBSI3b  OOIIEH
M OCTaTOYHOM MAacC OKAIMHBI, a TaKkKe TIyOHHBI _ T3 107 T2
obesyriepokerroro cios (h,s, %) Ha OBEpXHOCTH g =3, 7857 Tgo 107" +9,867-Tgo
METajlyla OT UBMCHCHUA TEMIIEPATYPhI BI/ITI(OO6pa30- x 10—4 —-0,862 'TBO +253,82.
Banus (7, °C).

Ucxomupie nmaHHble ObUIM 00pabOTaHBI CTaH-

JMAPTHBIMH METOJaMH MaTeMaTHYECKOH CTaTUCTHKH,

Acpcioss =1,1894-T3 -107° —3,0324 -T2, x
x107° +25,736- Ty, — 7267 ;

Conpross = 0,7337 Ty, -107° - 0,4733;
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Tabnuna 8

I/I3Mepelme l“.]'lyﬁl/lﬂbl 06e3yrﬂep0meﬂﬂoro CJI0M1 HA MTOBEPXHOCTH ﬁyHTOBOFO nmpokarta

Table 8
Measuring the depth of decarbonized layer on the rolled coil steel surface
Temnepatypa BuTkooOpaszoBanus, °C
Mapkxka cranu
800 900 940
SAE 1006 - - -
) 2,21-2,04 1,72-1,87 1,45-1,67 1,14-1,38
SAE 1065
2,11 1,78 1,56 1,27

I[Ipumedanue: 1 — He moaBepraeTcst KOHTPOIIO B HOPMATUBHOM TOKYMEHTALUH; 2 — B YHCINTEIEC MUHIMAIIb-

HO€ 1 MaKCUMAJIbHOE 3HAYCHUA, B 3BHAMECHATEIIC — CPEAHEE.

IIpn mpoBeneHnn MeTamiorpaduyeckux wuc-
CIIeIOBAaHUN W3MEHEHUs TIyOWHBI 00e3yriepo-
JKEHHOTO CJIOSI Ha TIOBEPXHOCTH TPOKATa U3 CTaJH
SAE 1065 B 3aBHCHMOCTH OT TeMIepaTyphl BUT-
KOOOpa30BaHUs  JIONOJHUTEIBHOMY  KOHTPOIIO
MoJBEprajd HM3MEHCHHE T[JIABHOTO Mapamerpa
MHKPOCTPYKTYPBI — MEXIUTACTHHOYHOTO PacCTOs-
Hue B nepaute (puc. 6), cpeqHue 3HaYCHHS KOTO-
poro (Sp, MKM) Uil TeMmIepaTyp BHUTKOOOpa3oBa-
aust 800, 850, 900 u 940 °C cocraBumu — 0,341,
0,263, 0,176 u 0,158 MKM COOTBETCTBEHHO.

VpaBuenwne perpeccun (1), onuchiBaroiiee B3a-
UMOCBSI3b Sy C TeMIepaTypoil BUTKOOOpa3oBaHMH,
MOKa3aJI0 XOPOILIYI KOPPEeISIIHOHHYI0 cBsi3b (R =

0,93):
S, =-1,1895-InT,, +8,287. 1)

Heo0xomuMo OTMETUTB, YTO CONOCTAaBHTEIb-
HBIl aHAIM3 aHHBIX, IOJyYCHHBIX PAaCYETHBIM
MyTeM, M PEe3yJIbTATOB HCCIENOBAHWUU Ui BCEX
YpaBHEHUH perpeccuu MokKaszajl JOCTaTOYHO BBICO-
KO€ COOTBETCTBHE PAcUETHBIX M IKCIIEPUMEHTAIIb-
Hbix nanHbiX (R = 0,90-0,96). [IpuHuMas Bo BHU-
MaHHe, YTO YpaBHEHHUS! PErpecCHH MOIYy4eHBI IMy-
TeM 00pabOTKH 3KCHEPHMEHTAIBHBIX JaHHBIX TH-
nmoBoro  mpoBoinouHoro  craHa  [1C-150-1
CTaHIAPTHBIMU CTAaTUCTHYECKUMH METOJaMH, pas-
paboTaHHass MeTOAWKA OIpeaeieHus oOIIen
¥ OCTaTOYHOW MacC OKAJIMHBI, TITyOMHBI 00€3yTIie-
POXKEHHOT'O CJIOfA, a TaKKE CPETHETO MEKIIACTHU-
HOYHOTO PAacCTOSIHUSI B TEpJIUTE OYHTOBOTO IPO-
kara Mapku SAE 1065 moxkeT OBITH HCITONTB30BaHa
B YCIIOBHSX JPYT'HX METALUTYPTUUYECKUX IMPeIpu-
SITUH.

[IpeTosKeHHBII  HKCTIPECC-METO]]  MO3BOJISET
CHHM3WUTh TPYJOEMKOCTh M CYIIECTBEHHO yMEHbB-

INUTbH BPEMCHHBIC TMOTEPH, HCO6XOZII/IMBIC 1A OII-
pellesieHrsT HOPMUPYEMBIX TOKa3aTesiell KauecTBa
OyHTOBOTO INpoKara. BhIMOJIHEHHBIE YKCIIEPUMEH-
ThI MO3BOJMIN JOOUTHCA HEOOXOJIUMOrO MPaKTHU-
YECKOT0 Pe3yJibTaTra B CHIIy BO3MOXKHOCTH OIlepa-
TUBHOT'O YIIPABIIEHUS PEKUMaMHU PETYJIUPYEMOTO
OXJIAXKIICHHUS METaJlia, a TaKkKe 00eCrednuTh KOH-
TPOJIb HaJ TMpoleccaMH CTPYKTYpOooOpa3oBaHMUsI
B mporecce AehopMannOHHO-TEPMUUECKO 00pa-
00TKH OYHTOBOTO IpOKaTa.

B 3akmoueHue ciefyeT OTMETUTh, YTO TOBAp-
HBII BHJI NIPOKAaTa IPU MPOYUX PABHBIX YCIOBHUSIX
ompenenseTca LBETOM ero nosepxHocTH. Jlomyc-
TUMBIMH [[BETAMH MPOKATa SBIISIOTCS CEPO-TOMyOOi
Y YepHbIH, a HEJIOMYCTUMbIM — KpacHO-pblkuil. [Tpu
Temnepatypax ButkooopazoBanus 800 u 940 °C oxa-
JIMHAa WMEET MOMyCTUMBIA (YepHBIN) IBET, a MpH
850 °C u 900 °C — HemormycTuMblii (KpacHO-PhDKHIA).
C yd4eToM ynansieMOCTH OKAIUHBI C IOBEPXHOCTH
OyHTOBOTO TpOKaTa MEXaHWYECKUM CIIOCO0OM pa-
LMOHAIBHOW TEMIIEpaTypod pacKIaAKH IpoKaTa
Ha BHUTKH, NIPH JIBYXCTaJIMAHOM OXJIKICHUN METa-
na Ha smHMM CTenMop, SBISETCS TeMIieparypa
(940 + 20) °C.

Ha ocHoBanum pe3ynbTaTOB UCCIEIOBAHUN
B ycnoBusax [TAO «ApcenopMurran Kpusoit Por»
BBEJICHA BO BHYTPH3aBOACKOE HMCIOJIb30BAHHE Me-
TOJIMKA TPOBEACHUS HCIBITAHUI 10 yIAICHUIO
OKaJTMHBI MEXaHMYECKHM CIIOCOOOM C TMOBEPXHO-
CTH TpOKaTra M3 HU3KO- M BBICOKOYTJICPOIHMCTHIX
Mapok craiu. [TomydeH maTeHT YKpauHbl Ha H30-
operenne Ne 91760 «CriocidO BH3HAYECHHS 3arajib-
HOI Ta 3aJTMIIKOBOI KUIBKOCTI OKaJIMHU Ha MOBEPX-
Hi KaTaHKU».
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Puc. 3. I3aMeHeHne KOIUYECTBA OKATUHEI
Ha TIOBEPXHOCTH OYHTOBOTO MPOKAaTa TUaMeTpoM 5,5 Mmm
n3 cranm Mapkn SAE 1006
B 3aBHCHUMOCTH OT TEMIIEPATyphl BUTKOOOPA30BAHUS:
a — 00I111ast Macca OKaJIMHBI, O — OCTATOYHAs Macca OKaJIHuHbI

Fig. 3. Changes in scale mass on rolled coil steel
surface of 5.5 mm diameter of SAE 1006 steel grade
depending on coil formation temperature:

a —total scale mass; b — residual scale mass
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Puc. 4. I3aMeHeHne KOJIUYECTBA OKATUHEI
Ha TIOBEPXHOCTH OYHTOBOTO MPOKAaTa TUaMeTpoM 5,5 Mmm
n3 cranm Mapku SAE 1065
B 3aBHCUMOCTH OT TEMIIEPaTyphl BUTKOOOPA30BaAHUS:
a — 00111ast Macca OKaJIMHBI, O — OCTATOYHAs Macca OKaJIHuHbI

Fig. 4. Changes in scale mass on rolled coil steel
surface of 5.5 mm diameter of SAE 1065 steel grade
depending on coil formation temperature:

a —total scale mass; b — residual scale mass
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Puc. 5. smenenne riyOHHEBI 00€3yTIEPOKEHHOTO CIIOS
Ha MOBEPXHOCTU OYHTOBOTO Mpokara auamerpoM 5,5 MM u3 cranu mapku SAE 1065
B 3aBUCHMOCTH OT TE€MIIEpaTypbl BATKOOOpa30BaHUs

Fig. 5. Changes in decarburized layer depth
on rolled coil steel surface of 5.5 mm diameter of SAE 1065 steel grade
depending on coil formation temperature
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Puc. 6. I3MeHeHre MEKIIACTHHOYHOTO PACCTOSHHUS

B HiepyiuTe OyHTOBOTO IpOKaTa AuameTpoM 5,5 MM u3 craim Mapku SAE 1065
B 3aBHCUMOCTH OT TEMIIEpaTypbl BATKOOOpa30BaHUs
(MHTEHCHBHOCTB BO3/IyLIIHOTO OXJIAXICHUS — CONSt)

Fig. 6. Changes in interlamellar spacing
in pearlite of 5.5 mm diameter rolled coil steel
of SAE 1065 steel grade
depending on coil formation temperature
(intensity of air-cooling — const)
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BoiBoabI

1. VcraHOBIIEHO BIMSIHHE TEMIIEPATypPhl BUTKO-
o0pa3oBaHHA W TOCIEAYIOMIETO HEMPEPHIBHOTO
BO3IYIIHOT'O OXJIaXIeHHus Ha (a3oBBIA U KOJIUUe-
CTBCHHBIH COCTaB OKaJHMHBI, OOpa3ylolieics Ha
MTOBEPXHOCTH OYHTOBOTO IpOKaTa AWMAMETPOM 5,5
MM u3 ctaneit Mapok SAE 1006 u SAE 1065.

2. AHaIM3 DKCICPUMEHTAIBHBIX JTAHHBIX I10-
3BOJIMII OTPENIEIUTh PAIlMOHANBHEBIE TEMIIepaTyph
BUTKOOOpa30BaHMs MeTallla, KOTOpbIe o0ecredu-
BalOT HAWITyYIllee yAaJCHHE OKAIWHBI, MUHUMAIb-
HOE €€ OCTaTOYHOE KOJHYECTBO W COOTBETCTBHUE
[[BETa TIOBEPXHOCTH MeTajla TPeOOBAHHUAM EBPO-
MeNCKUX MoTpeduTene.

3.Ha Oase cnenuduranmii KOMITaHUU
«Bekaert» (GA-03-16, GA-03-18, GS-03-02 u GS-
06-01) B ycmoBusix [TAO «ApcenopMutran Kpu-
Boil Por» pazpaborana v BHeAApeHa METOANKA MIPO-
BEJICHHUS WCIBITAHUHN 1O YAICHWUIO0 OKAIWHBI Me-
XaHUYECKUM CHOCOOOM € TIOBEPXHOCTH OYHTOBOTO
MpOKaTa U3 HU3KO- U BBICOKOYTJIEPOIUCTOH MapOK
cranei.

4. Pa3zpaboTaH DdKCIpecc-METOJl ONpeIeIeHUs
o0miell U 0CcTaTo4YHOW MacC OKalWHBI Ha MOBEPX-
HOCTH Me€Tajlla B 3aBUCHMOCTH OT TEMIIepaTypsl
BUTKOOOpa3oBaHus. [lorydeH mateHT YKpawHbBI Ha
n3zooperenue Ne 91760 «CriociO BU3HAUEHHS 3ara-
JILHOI Ta 3aJMIIKOBOI KUILKOCTI OKaJIMHU Ha TOBE-
PXHi KaTaHKW».

5. YcraHoBieHa KOppEINsIIMOHHAS CBS3b HOP-
MHUpPYEMBIX T[IOKa3aTeJeldl KadecTBa OYHTOBOTO
NpoKaTa M3 BBICOKOYIIIEPOAUCTOI cramu (Macca
OKaIIMHBI, TIIyOMHa 00e3yrIepoKeHHOro  CIos
U MEXKIUIACTUHOYHOE PACCTOSHHE B TEPIIUTE)
C OJIHUM W3 TJIaBHBIX MapaMeTpoB (TemmepaTypoi
BUTKOOOpa30BaHus) pexuma JeGopMauoHHO-
TEPMUICCKON 00pabOTKH.

6. IlomydeHHble ypaBHEHUS! PETPECCHH IT103BO-
0T 0e3 TMPUMEHEHUs MeTauiorpaduaeckoro
aHa3a ¢ MUHUMAJIBHONM MOTPENTHOCTRIO OTpeie-
JUTh MacCy OKaJlMHbI, TIyOHHY 00e3yriepoKeH-
HOTO CIIOA M CpelJHEeE MEXIIACTHHOYHOE PaccTos-
HUE B TEPIUTE MPOKaTa M3 BBICOKOYTIEPOIUCTON
cranu. [Ipu 3ToM He TpeOyeTcst pOBEACHUE TPY-
JIOEMKHUX W JUIMTENBHBIX BO BPEMEHH aTTECTAIlH-
OHHBIX UCTIBITAaHHH.

7.1loka3zaHO JOMOJTHHUTENHHOE OOOCHOBAHHE
palOHANBHOCTH TOBBIIICHUST TEMIIEPaTyphl BHT-
KOOOpa30BaHWsI MeTala ¢ TOYKH 3peHus (hopMu-
poBaHUs 3(P(HEKTHUBHBIX MEXaHHWYECKUX CBOWCTB,

CTPYKTYpPHOTO COCTOSIHUS U JAPYTUX KAUECTBEHHBIX
nokasaresieii 0yHTOBOTO ITpOKaTa.
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INEPEBAI'M EKCITPEC-METOJAY BU3HAYEHHSA MACHU OKAJIMHU
I 3BHEBYTJIEHBOBAHOI'O ITAPY BYHTOBOI'O ITPOKATY

Meta. Y poOoTi HE0OXiTHO BCTAHOBUTH YHIBepCaJIbHI EMIIPHYHI 3aJ€KHOCTI, SIKi JO3BOJIATH 31 CHUTH Omepa-
TUBHHH PO3PaXyHOK MacH OKaJIMHU 1 TJIMOMHHU 3HEBYTJICILOBAHOTO 1IAPY, IPYHTYIOUMCH Ha MapaMeTpax TeXHOJOTi-
YHOTO TPOIIECy BUPOOHUIITBA OYHTOBOTO MpokaTy. MeTtoauka. JlocmikeHHs] BAKOHAHI HAa TPOMHUCIOBHUX MapTisx
npokarty i3 craieit mapok SAE 1006 i SAE 1065. BunaneHHs: OKaIMHU BU3HAYAIH BiAMOBIIHO IO METOIUK KOMIIa-
Hii «Bekaert» 3a cnienudikariisimu: GA-03-16, GA-03-18, GS-03-02, GS-06-01. I'mubuny 3HEBYIIIEIOBAHOTO IIAPY
inentudikypanu Biamosigao g0 'OCT 1763-68 (Merom M). Pe3yabTaTn. AHami3 eKCIEpUMEHTATBHUX TaHUX [10-
3BOJIMB BH3HAYUTH PAlliOHAJIBHI TEMIIEPAaTypPH BUTKOYTBOPEHHS IPOKATY JOCIIIKYBaHUX MapOK CTali, sKi 3a0e3re-
9yIOTh HaKpalle BHIAJIICHHS ITOBEPXHEBOI OKAIWHH, MiHIMAIBHY ii OCTATOYHY KiBKIiCTh, a TAKOX BiIIOBIIHICT
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KOJILOPY ITIOBEpPXHI MeTajly BUMOTaM €BpOIEHCHKUX croxuBadiB. HaykoBa HOBH3HA. ABTOpaMH BCTaHOBJICHUH
KOpEJALIHHIA 3B’ 530K HOPMOBAHUX MOKAa3HHUKIB SIKOCTi, OYHTOBOTO MPOKATY 3 BUCOKOBYTJICLEBOI cTaii (Maca oka-
JIMHH, TJMOWHA 3HEBYIIICIILOBAHOrO LIAPy 1 MDXKIUIACTHHKOBA BiJICTaHb Y MEPJIiTi) 3 OJHMM 3 FOJIOBHHUX MapameTpiB
(TeMIepaTypOr0 BUTKOYTBOPEHHS) PEXHUMY JAe(opMaIliiiHo-TepMidnoi 06pooku. OTpruMaHi piBHSHHS perpecii mo-
3BOJISIFOTB, 0€3 3aCTOCYBAaHHS METANOrpadidHOro aHali3y, 3 MiHIMAIIEHOI TTOXHOKO BU3HAYUTH KiTBKICHI 3HAYEH-
HSl MacH OKAJIWHY, TIHOMHU 3HEBYTIIEFOBAHOTO APy 1 CepeIHBOI MKIUIACTHHYATOI BiICTaHi B IEPIIiTI OYHTOBOTO
MPOKATy 3 BUCOKOBYIJIeNeBoi cram. Ilpakruuna 3HayumicTs. Ha 6asi cienudikariit kommanii «Bekaert» (GA-03-
16, GA-03-18, GS-03-02 i GS-06-01) po3pobiuena i BupoBamkena B ymoBax IIAT «ApcenopMirran Kpusuii Pir»
METOJIMKA TIPOBEACHHS BUITPOOYBaHb 110 BUJAICHHIO OKAIMHU MEXaHIYHUM CIIOCOOOM 13 OBEpXHi OYHTOBOTO IpO-
KaTy 3 HU3bKO- 1 BUCOKOBYTJIELIEBOI MapoK craii. Po3po0iieHO ekcrpec-MeTo 1 BU3HAUCHHS 3arajbHOl Ta 3aJIMIIKO-
BOT Mac OKaJIMHM Ha ITOBEPXHI ITPOKATy B 3aJIEKHOCTI Bijl TEMIIEpaTypy BUTKOYTBOpeHHs. OTpuMaHO maTeHT YKpai-
HU Ha BUHaxigq Ne 91760 «Crioci6 BU3HAYEHHS 3arajibHOil Ta 3aJIMIIKOBOT KiJIbKOCTI OKAJMHH Ha TMTOBEPXHI KaTaHKU».
Kniouosi crosa: OyHTOBHI TIPOKAT; OKAJIMHA, 3HEBYTJICIIbOBaHUI 11ap; AedopmariiiHo-TepMiuHa 00poOKa
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ADVANTAGES OF RAPID METHOD FOR DETERMINING SCALE
MASS AND DECARBURIZED LAYER OF ROLLED COIL STEEL

Purpose. To determine the universal empirical relationships that allow for operational calculation of scale mass
and decarbonized layer depth based on the parameters of the technological process for rolled coil steel production.
Methodology. The research is carried out on the industrial batches of the rolled steel of SAE 1006 and SAE 1065
grades. Scale removability was determined in accordance with the procedure of «Bekaert» company by the specifi-
cations: GA-03-16, GA-03-18, GS-03-02, GS-06-01. The depth of decarbonized layer was identified in accordance
with GOST 1763-68 (M method). Findings. Analysis of experimental data allowed us to determine the rational
temperature of coil formation of the investigated steel grades, which provide the best possible removal of scale from
the metal surface, a minimal amount of scale, as well as compliance of the metal surface color with the require-
ments of European consumers. Originality. The autors established correlation of the standarchized quality indica-
tors of the rolled coil high carbon steel (scale mass, depth of decarbonized layer and inter-laminar distance in pear-
lite) with one of the main parameters (coil formation temperature) of the deformation and heat treatment mode. The
re-sulting regression equations, without metallographic analysis, can be used to determine, with a minimum error,
the quantitative values of the total scale mass, depth of decarbonized layer and the average inter-lamellar distance in
pearlite of the rolled coil high carbon steel. Practical value. Based on the specifications of «Bekaert» company
(GA-03-16, GA-03-18, GS-03-02 and GS-06-01) the method of testing descaling by mechanical means from the
surface of the rolled coil steel of low- and high-carbon steel grades was developed and approved in the environment
of PJSC «ArcelorMittal Kryvyi Rih». The work resulted in development of the rapid method for determination of
total and remaining scale mass on the rolled coil steel surface of low- and high-carbon steel grades depending on the
temperature coil formation. There was obtained the patent of Ukraine for invention no. 91760 «The method for de
termining the total and remaining amount of scale on the rolled steel surface».

Keywords: rolled coil steel; scale; decarbonized layer; deformation-thermal treatment
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MOJIEJUPOBAHUE COYJAPEHUI BATOHOB
IHPU CYXOM TPEHHH B OIIOPAX I'PY3A

Leaw. B craTbe HEOOXOMMMO HCCIENOBATE: 1) MepeMeneHus JUIMHHOMEPHOTO TPy3a, TIEPEBO3UMOTO Ha CIIere
JIBYX KEJE3HOJOPOXKHBIX IaTdopM, 000pyIOBaHHBIX OIMIOPHBIMU TYPHHKETHO-KPETICKHBIME ycTpoiicTBamu (TKY);
2) nmericTBue cuil Ha rpy3 co ctopoHsl TKY. Meroguka. VccienoBaHus BbIIIOJHEHBI METOJOM TEOPUH KOJICOaHMI
MEXaHWYECKUX CHCTEM C KOHEYHBIM YHCIIOM CTereHel cBoOOabl. Pe3yjbTaThl. ABTOpaMHU MOJYYECHBI palliOHATb-
Hble mapameTpbl TKY mpu cyxoM TpeHHH B OMOpax, KOTOPble 00eCeYrBAIOT HAUMEHBIIINE CUJIBI, JCHCTBYIONIUE HA
rpy3 B pe3yibTate coyaapeHus. Hayunast HoBu3Ha. PaHHMe Mccle]OBaHUs IUHAMUKHA CUCTEM «BaroH—TPY3» C MO-
newxkHbIME TKY 0oCyIEeCcTBISITUCH ¢ HEMOCTATOYHOM TOYHOCTHIO. [Ipu paccMOTpeHur MOJ00HBIX 3a1a4 Ipuderaau
K 3HAYUTCIIbHOMY YIIPOHICHUIO PACUCTHBIX CXCM. Hcnonp3oBanue Takux yCTpOﬁCTB MMO3BOJIACT ACJIaTh OIIOPhI
JUTMHHOMEPHOTO TPy3a Ha BaroHbI MOBIKHO-IIEHTpUpyeMbiMA. TKY nomyckaror Oojiee MM MEHEE 3HAUUTCIbHBIN
CIBWT T'py3a OTHOCHTEIBHO OIOPHBIX BarOHOB B IPOJOJIBHOM HampasieHuu. [locie ymapa obecrieumBacTcs BO3-
BpallleHHe Tpy3a B IepBOHAYAILHOE TOJIOKeHNEe. Bo3Bpalaromnas cuiia B TakuxX yCTpoicTBax oOpasyercs jaubo 3a
cyet ynpyrux cBoiictB TKY, 6o 3a c4€T NMOBBIICHHS YPOBHS IIEHTPa ONMUPAIOIINXCS HAa HUX Macc. [Iporecc Bo3-
BpAIlIEHUS MPOUCXOJIUT KHHEMATUYECKUM TyTEM TP ropu3oHTaibHOM oTkioHeHnn TKY u3 paBHOBECHOro 1moJio-
JKeHusd. PernieHue 3a1aun onpeesieHus XxapakTepa U BeJIMYUH, JeUCTBYIOIIMX Ha TPY3bl CUJI U YCKOPEHUH, peaan3o-
BaHO aJCKBAaTHOM peallbHbIM YCIIOBHMSM MaTEMaTHYCCKOM MOJICIbI0. YUTCHBbI OrpaHMuYeHHus 1o 3a3zopam B TKY
U TorJIonarolux anmnaparax saroHoB. IlpakTudeckasi 3HaYMMocCThb. [IpoBeseHHOE HCClieIOBaHNE MTO3BOJIUT pac-
cuyuTaTh nmapameTpsl peanbHelx TKY, 9T0O mpuBeaeT K CHHKEHHIO TOBPEKAAEMOCTH JUIMHHOMEPHBIX IPY30B, Hepe-
BO3HMMBIX Ha CIEMax KeIe3HOAOPOIKHBIX TIAT(HOPM.

Kniouesvie cnosa. nMMHHOMEPHBIN I'py3; TYpPHHUKETHO-KPENEKHOE YCTPOUCTBO; MaTeMaTHIECKOE MOJIEINPOBa-
HUE; TIOBPEXKIaeMOCTh Ipy3a

BO3KE COCTOUT B YMEHBIIICHUH yAapHBIX HArPY30K,
BBenenne repesaBaeMbIX Tpy3y MpPH COyJapeHUsSX BaroHOB
B TIpOIIecCe COPTHUPOBOYHON W MaHEBPOBOW pabo-
Tol. PemieHue 3amaumM OmpenereHHs XapakTepa
Y BEJIMYWH JCWCTBYIOMINX Ha TPY3bI CHII U YCKOpe-
HUH, BBI3BIBAET HEOOXOJUMOCTh MCCIIETOBAHUS
CJIOKHBIX MEXAaHUYCCKHUX CHCTEM, BKIIOYAIOIIUX
B ce0sl BaroHbl WU CIICTIBI BaroHOB C TPY30M
Y B3aMMOJCWCTBYIONINE C HUMHU JPYTHE €TUHUIIBI

[IpononbpHBIE CHUITBI, UCHBITBIBAEMBIE BArOHOM
U TPY30M, @, COOTBETCTBEHHO, U YOBITKHM OT IIO-
BPEXKICHHUH, TOCTUTAIOT CBOMX HaWOOJBIINX BEIHU-
YMH NpHU coyaapeHuax. IloaToMy, ocHOBHas 3ana-
Ya 3aIIUTHl JUIMHHOMEPHBIX M KPYIHOPAa3MEPHBIX
IpPy30B OT IMHAMHUYECKUX BO3ICHCTBUI IpH Iepe-
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HOJBMYKHOTO ~ COCTaBa  (JIOKOMOTHBBI, BaroHBI,
IPYIIIbI BATOHOB).

Ananuz npedvldyuux uccredoganui. Teoperu-
YECKHUMH HCCIIEIOBAHUAMU B 00JACTH KpETUICHUS
TPYy30B Ha TMOJIBIXHOM COCTaBe JKEJIE3HBIX OPOT
3aHUMAIIMCh YUCHBIE U crieruanucTel A. JI. Manos,
I'. I1. Epumos, H. I'. 'onuapos, I'. II. ['puHeBuy,
b. M. Xorun, E. H. T'ox6om u gpyrue [2-8]. O6-
el YepToil BCeX Ha3BaHHBIX PabOT SIBISETCS TO,
YTO BOIIPOCHI BBHIOOpa THUIIA KPEIUIEHHs], €r0 KOHCT-
PYKIIMHM W pacyera Ha MPOYHOCTh MPHU TEPEBO3KE
JUIMHHOMEPHBIX W KPYIHOTrabapuTHBIX TPYy30B pe-
LIAIOTCSL UCXOJSl M3 CYLIECTBYIOIIMX TPAAWUIIHOH-
HBIX KOHCTPYKTHBHBIX CX€M KpeIUIeHHS Tpy3a
C WCIOJNIb30BaHWEM YIIOPOB, CTOEK, pAaCTSIKEK
u 00Bs130K. Kperuienue IMHHOMEPHBIX TPy30B Ha
crenax U3 HeCKOJbKHUX BaroHOB NPUHIUIHAIBHO-
TO OTJIMYMS B aCIEKTe MPOIOJbHOW TWHAMHUKHU HE
UMEeT, TIOCKOJIbKY TYPHUKETHAsi ONopa Ha OIHOM
13 OMOPHBIX BaroOHOB 00ECTIEYMBAET JKECTKOE Kpe-
TuieHue Tpy3a. [[pouHoCTs Takoro pona KperieHus
obOecnieunBaeTCcsl MPH COYIAPEHUSX BaroHOB CO
ckopoctsiMu He Oonee 5—6 km/4. [Ipu 3TOM ycko-
peHws Tpy3a JOCTHTAIOT BeMYrH 2—3 ¢ 1 OoJee.

CoBepIIeHCTBOBaHUIO METOJIOB pacueTa Iepe-
JaBaeMBIX TPy3aM IPU COYAapeHUsIX BaroHOB MPO-
JOJBHBIX WHEPUUOHHBIX CHJI MOCBAIICH psii paboT
A. JI. Marosa, B. A. Ka6mykosa, 1. K. Mopo3a,
A. B. lllarynosa, B. A. Kanamnuka, b. I'. Kernu-
Ha, E. ®. Crycq, I'. b. Kpaiisrypa, I'. B. Koctuna,
B. A. Jlazapsna, E. I1. baoxuna, JI. A. Manamku-
Ha u jp. [2-8].

Hean

ObecnieyueHne COXpaHHOCTH BaroHOB W [UIMH-
HOMEPHBIX I'PY30B B IIPOIIECCE NEPEBO3KH TpedyeT
COBEpIIICHCTBOBAHMUS METOAMKH OIpeeNeHus ma-
pamerpoB TKY.

MeTtoauka

HccnenoBanus BBIMOJHEHBI METOJOM TEOPUH
KOJIeOaHU MEXaHHYECKUX CHUCTEM C KOHEUYHBIM
YHCIIOM CTeTeHel CBOGOMBI, C HCIONB30BAHHEM
MaTEeMaTHYECKOT0 MOJCIUPOBAHHS aKTYaJIbHOTO
B HACTOSIEE BpeMsi CIOCO0a HCCIIeTOBAHHS Ba-
TOHHBIX KOHCTpyKuii [5, 10-13].

[Tnardopmbl cuema U rpysa CYHTAOTCS abCco-
JIFOTHO JKECTKUMH TEJTaMH, & ME)KBATOHHBIC COE/THU-
HeHuss U omopbl TKY ympyrumu cBsA3sSMH MOCTO-
STHHOM JKECTKOCTH CyXuM TpeHueM. J[isi momyde-

HUS JIBHDKCHHUSI CHCTEMbI HCIIOJb3yeM IPHHITHIT
Hanamb6epa.

PacueTHasi cxema COyAapeHusi cierna ¢ Hemoj-
BIJKHOM Tperpaioi (rpyribl 3aTOPMOKEHHBIX BbI-
TOHOB) ITOKa3aHo Ha puc. 1.

ih C1aFia 2 CesFes
| { / [i
| { f /
{ / / /
! / / /
\ / / ;
1 / { ;3
ﬂ / | /
1
T |
/
Ly 'ﬁ‘l—
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CotF ol i X3 \C:EFE Ae

Puc. 1. PacueTHas cxema coynapeHus
Fig. 1. The calculation model of impact

B HauanpHBIi MOMEHT HaOeraHusi Cliena Ha
nperpany 1wiargopma 1 momydaeT KECTKUU ymap,
CHJIa KOTOPOTO TPH JIF000# CKOPOCTH COyAapeHHs
Vo k Havamy pedopmaumu ynpyroi cBsizu Cp
HPAaKTHYECKH MTHOBEHHO BO3PACTaeT 10 BEIUYH-
HbI cuiibl Tpenusi Fo;. B pesynbrate mmardopma 1
KaK JKECTKOE TeJI0 MPHOOpeTaeT yCKOpeHHe Xi, 3a-
BHCSILEE OT CTENEHM YYacTHs B yaape Kaxaoil u3
Macc CUCTeMbl. BO3MOXHBI ClieyIoNe BapHaHThI
B3aMOJICHCTBHS TEl.

Bce Tpu Macchl CHCTEMBI KECTKO COCIMHEHBI
MEX/Ty COOOM CHIIAMH CYXOrO TPEHHS B SUHOE TENO
M Ha TEpBOM OJTane JBIXKYTCS COBMECTHO
(x* = x* = X°). VcoBus, mpH KOTOPHIX BO3HHMKAET
TaKOE IBIKCHHE, MOTYT ObITh PECTABIICHBI B BUJIC:

Fo+Fs For <FstFy 1)
m,+m;  m+m,+m, m,
PaCCManI/IBaCMOC OBHUXKCHHUC OITUCBIBACTCA
YpaBHEHHUEM:
(M +m, +mg) X +Cyy X =—Fy,Signx, . 2

XapakTep OBW)KEHUS COXPaHAETCS, TIOKa BBI-
TIOJTHSETCS CIEAYIOMIHe yCoBre X > 0:

coatFy _Fo+Es.
m+m,+m;  m,+m,

o tFy R +Ey.
m, +m, +m, m,

@)

coftFy R+ Ey
m, +m, +ms ms
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[Ipu HapylIeHUH MepBOTroO, BTOPOTO WU TPETh-
ero HepaBeHCTBa (3) HAUMHAET JBUTATHCS OTICITh-
HO TIepBasi, BTOpas W TPEThSl MACChl CHUCTEMBI
COOTBETCTBEHHO.

ITnardopmbr 1 1 2 KECTKO COCTUHEHBI MEXKIY
co0OH cUIIaMH CyXOTO TPEHHS B €IMHOE TENIO U Ha
MEPBOM 3Talle IBIKYTCS COBMECTHO (X3 = Xp),
a Tpy3 3 HAUYMHACT MPOCKAIb3BIBATH OTHOCHTEIBHO
UX. YCIOBHsS BO3HUKHOBCHHS TAaKOTO JBIIKCHUS
B MOMEHT y/Jlapa OTNPECISIFOTCSI HEPaBEeHCTBAMMU:

F12 — F23 > FOl — FlS — F23 > F13 F23
m, m, +m, m,

(4)

OHO omnmCBHIBaeTCs CICAYIOIINMU YPABHCHUA-
MU

My +(C3 +Cpg)(Xg — %) =
=—(F; + Fy)sign(X; — X,), (5)
TIe
sign(%; — %) =+1 mpu (%,—%)>0 ,
sign(%;— %) =-1mpu (X;—%)<0.

PaccmarpuBaemblil BUa JBUXKEHUS IPOUCXOIUT

JI0 TeX TIOp, MoKa cobimoaatoTcest yeaoBust Xi=>0; (X3
—Xy) >0:

For = Fis = Fys +Coy X —

—(C3 +Cp3) (X — X))

m, +m,
< Fio =P —Cos(X— X)),
m,

(6)

For = Fiz = Fa +Co X —

—(Ci3 +Cp) (X3 = %)
ml + m2

S Fis + Fos +(Ci3 +C3) (X — %)
m,

[Ipu HapymieHHM MEPBOTO HEPABEHCTBA B IIO-
JMYYCHHBIX YCJIOBHSX BO3HHMKAET OTHOCHUTEIBHOEC
nepemMernienue mwiathopm 1 U 2, mpu HapyILICHUH
BTOPOTO — BCE TPH MAacChl HAYMHAKOT IBUTATHCS
COBMECTHO.

Maccel 1 1 3 KeCTKO CBsI3aHBI MEXKIY CO00it
CUJIaMHi CYXOIro Tp€HUA B €IUHOC TCJIO U Ha IICP-
BOM 3Tare JBMXXYTCS COBMECTHO (X; = X3), a miar-
dopma 2 HaYMHACT MPOCKAIB3bIBATH OTHOCUTEIb-

HO HX. YCJ'IOBI/IH, IIpU KOTOPBIX BO3HUKACT TAKOC
JABUKCHHUE, MOTYT OBITH IIOJIy4CHBI B BUJIC:

Fis —Fy > For — Ry — Fy S Fio + Fy .

(7
m3 ml + m3 mz
PaccmatpuBaeMoe  JIBHKEHHE  OIMCHIBAETCS
YPaBHEHHSAMH:
(My +M3)%; +Coy X — (Cpp +Cp3) (X, — X)) =
= —Fosign¥, + (R, + Fpg)sign(x, — %); (®)

myX, + |(C12 + C23)|(X2 —X)=
=—(F, + Fy)sign (X, — %,).
DTOT BUJ JBUKEHHUS IIPOMCXOMUT TONBKO MPH
COOJIIOICHUN  ClIeAyIoIMX  ycioBuid  (mpu
x20; (x,—x)=0):
For —Fa = Fas +Cor X —
—(C1p +C3) (X, — %)
m +m,
< Fis = Fps = Cps(X = %) .
m, ’

9)

For — Fio = Fa3 + oy X —
—(Cip +Cp3) (X — X))
m, +m;,
S Fip + Fps +(Cpp +Cpa) (X%, — Xl)_
m,

>

B cinydae HapylieHus TepBOrOo HEpPaBEHCTBA
B ycinoBusix (9) BO3HHMKaeT OTHOCHTEIIBHOE Mepe-
Memenne Mace 1 n 3, npu HapyleHuH BTOPOTO —
BCE TPH MAcChl HAUMHAIOT JIBUTATHCS COBMECTHO.

Maccol 2 1 3 KECTKO CBsI3aHBI MEXIY CO00M
CUJIaMHU CYXOIro TpE€HUA B €JUHOC TCJIO U Ha IICp-
BOM 3Tarie JBHXXYTCS COBMECTHO (X, = X3), a miaT-
dbopma 1 HauMHAET MPOCKAIH3BIBATE OTHOCHUTEIb-
HO HUX. YCIJIOBUS, IIPM KOTOPBIX BO3HHUKAaeT pac-
CMaTpuBaeMOE JABHMKCHHE, MOXKHO IPEICTABUTD
B BHUJIC!

(M, +mg)Fy > |m3F12 - m2F13|;
For — Ry —Fy S Fo+ Ry _ (10)

m m, +my

OHO ONMCHIBACTCS CICAYIOIIMMU YPAaBHCHUA-
MU
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MyX; + Coy X — (Cpp +C3) (X — %) =
=—FoSign¥, + (F, + F 15)sign(X; — %) ;
(M, +Mg)Xs +(Cpp +Ci3) (X3 — %) =
=—(F, + F3)sign(X; — %,).

1)

XapakTep JBIKEHHUSI COXPaHSETCS 10 TeX IOp,
TI0Ka BBINOJHAIOTCS yemoswst ripu X > 0, (¢ —xY) > 0:

My [C, (X — %) + R, ]~
—m, [Ci3(% = %) + Fs] :
m, +m;,
(my+m, +mg)(Fy, + F5) -

—(m, +my)Fy; >
> (Mg +m, +mg)(Cp, +Ci5) %
x(Xg = %) — (M, +M3)Coy % -

Fpy >

(12)

B cnywae HapymieHHs TEpPBOTO HepaBEeHCTBA
B ycioBusix (12) BO3HMKaeT OTHOCHTEIIBHOE Mepe-
MellleHne Macc 2 U 3, IpH HAPYIICHHH BTOPOTO —
BCE TPH MacChl HAYWHAOT JIBUTATHCSI COBMECTHO.

Bce Tpu Macchl CHCTEMBI HMEIOT TIEPEMEIIICHUSI
OTHOCHTEIIBHO JIpyT Apyra. Takoe ABHKEHHE BO3-
HHUKAET B CIIyYasixX, KOrJa HE BIOIHACTCS HU OJTHO
u3 ycnoswuii (1), (4), (7), (10) B Havame IBUKEHS
WIIM HapyLIAIOTCS NEPBbIC HEPABEHCTBA B YCIOBH-
ax (6), (9), (12). JuddepeninansHpie ypaBHSHHS
3TOro BUja JBMKeHMs uMeroT Bua (13). Paccmat-
pUBAEMBbIii XapaKkTep JBHKCHHS COXPAHSIETCS JI0
BO3HHKHOBEHUSI YCIOBHI JISI KECTKOTO COEIHHE-
HUS KaKHX-TH00 Macc CHJIaMH TPEHHUS.

MyX; + CoyXy —Cpp (X — %) —
—Ci3(%—%) =

=—F,,signx, + F,sign(X, — %) +
+Fgsign (X — %) ;

M, X, +Cp (Xo = X;) = Co3(X3 = X;) =
=—F,sign(X, — %) + Fysign(X; — X,);
MyXs + Cg(Xg — X)) + Cpa (X3 = Xp) =
=—Fa8ign(X; — %) — Fysign(¥; — X,).

(13)

ITopsnok pacdeToB IO NPHUBEACHHBIM ypaBHE-
HHAM MOKET OBITh TIPUHAT CJIETYIOIIUM:

a)mo ¢opmynam (1), (4), (7), (10) onpenenser-
sl XapaKTep JBHKEHUS HA €r0 HA4albHOM DTalle;

0) 110 BBISIBJICHHOMY XapakTepy JIBHXKEHHs IpO-
M3BOAWUTCA WHTEIPUPOBAHUE COOTBETCTBYIOIIMX
ypaBHEHUH [P HAYAJIbHBIX yCIIOBUSX:

t=0, %(0)=%,(0)=%(0)=0,
%,(0) = %,(0) = X, (0) = vy .

WurterpupoBanue BeAeTcs 0 TeX IOp, MOKa
COOJIFOTAFOTCS YCIIOBUS, COOTBETCTBYIOIIUE STOMY
XapakTepy ABHKEHHS,

B)IPH HApYUICHHH XapakTepa IBHKCHUS HC-
HOJIB3YETCS JIpyrasi, COOTBETCTBYIOIIAs 3TOMY Ha-
PYIICHHIO CHCTEMa YPaBHEHUH U MPOU3BOIHUTCS €
MHTETPUPOBAHUE IIPU HAYAIBHBIX YCIIOBUSAX, paB-
HBIX 3HAYCHHSM MapaMETPOB B KOHEYHBIH MOMEHT
npensiayIero sramna. MHTerpupoBaHue MpoH3BO-
JATCSI, TIOKA HE HapYIIATCS YCJIOBHS, ONPEEIIsIO-
M XapakTep IBIKCHHS Ha paccMaTpuBacMOM
JTarne;

r) paboTHI 1O 1. 6 MPOAOIDKAIOTCS 1O HpeKpa-
HICHHS POCTA 3HAYCHUH X1 . (X3— X1); (X2— X1);

J) IPOBEPSICTCS. COOTBETCTBUE MAaKCUMAaJIbHBIX
BEJIMYMH TIOJYYEHHBIX OTHOCHUTEIBHBIX IIepeMe-
meHuit Xi; (X3 — X1); (X3 — X2); (X2 — X1) 3aIaHHBIM
KOHCTPYKTHBHBIM OTpaHHYeHUsIM (yKa3aHHbBIC Iie-
peMeIIeHus He TOJDKHBI MPEBBIIATh Oy CKaeMBbIX
3HaueHui). Ecim 5T yCIoBHe HE BBITOIHIETCS, TO
b0 paccMaTprBaeMblii pacyeTHBI BapUaHT, OII-
penernsieMblil COYeTaHHEeM NapaMeTpPOB CHCTEMBI
U CKOPOCTH COYyJapeHus, NpU3HaeTCs Herpuemie-
MbIM (HE YIOBIICTBOPSIOIINM OTPAaHUYCHHSM), JTH-
00 pemaercs Bonpoc 00 yyeTre cOOCTBEHHOH yIIpy-
TOCTH Mace CIIena,

€)B Cilyyae YAOBJICTBOPCHHUS MOIYyYCHHBIX OT-
HOCHTEIIbHBIX TEPEMEIICHHI YCTaHOBJICHHBIM OT-
pPaHUYCHUSIM MAaKCUMaJbHBIE 3HAUCHMS YCWINH,
XapaKTepU3YIOINX MOBPEKAAEMOCTh T'py3a, OIpe-
JENSIOTCS U3 GOPMYIL:

Njsm = max[c13(X3 —X)+ F13];

(14)
Nz = max[czs(xs —Xp)+ Fzs]-

Pe3yabTaTthl

[lo m3noxkeHHOI MeToAWKE OBLIM TMPOBEICHBI
pacueTsl 10 OTPENeICHUI0 TUHAMHUIECKUX BO3ZICH-
CTBUI Ha MEPEBO3UMBIN JUIMHHOMEPHBIN Tpy3 npu
COYJIapeHUM CcLeNa C HEMOJBHYKHOM Iperpagou.
Jlng pacdera ObUIO IPUHATO: My = M, =2,2 X 10* kr
(4TO COOTBETCTBYET Macce MOPOXKHEH YeThIPEXOc-

o . — 4
HOH 1argopmsr); Mgz =12,02x 10" kr (cooTBeTcT-
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BYeT NMPUMEPHO MOJHOMY HCIIOJIb30BAHHIO IPY30-
HOABEMHOCTH JBYX IUIaTGopm); cor=c1,=8,5 MH/M
(COOTBETCTBYET JKECTKOCTH JBYX IIOCIIEI0BATEIb-
HO pabOTAIONIMX MOTJIOMAIOIINX allllapaToOB aBTO-
cuenkn); Fo; = Fip = 0,2 MH (CootBercTByeT
NpeBApUTEILHON 3aTsHKKE TOTIIONAeMOro aria-
para); Vo = 2 mM/C (IpuMepHO COOTBETCTBYET Iep-
CIEKTHBHOM HOpPME CKOpOCTH coyaapenus). Jlo-
IyCKaeMble 3HAYCHHUSI OTHOCHTEIBHBIX TEepeMelle-
HUH (3230pbI B CBSI3sIX) IPHHUMAIIHCH PABHBIMU: X1
= (2 — x1) = 0,15 ™ (MpUMEPHO COOTBETCTBYET Y/I-
BOCHHOMY XOJIy MOTJIOIIAIOIIETO amnmapara ¢ yue-
TOM 3a30pOB U Ae(hOpMaIHil )KECTKUX TEI);
(x3—x1) = (r3—x2) =0,5 M.

PacueT ¢ Mcnosip30BaHUEM MPOTrPAMMBbI HHTET-
pupoBanus auddepeHInanbHbEIX ypaBHEHHH Me-

TpeHus: Uiz = Moz = 0,1; paz = pos = 0,3; paz = ppz =
0,5; M2 = 0,1, Moz = 0,55

IpoBepka Beimonuenus: ycnosuit (1), (4), (7),
(10) moka3zaa, 9To ABWKEHHE CIENa B HavallbHBIN
MOMEHT COYIapeHHs MPU BCEX COYCTAHUSIX KOI(-
(HULMEHTOB TPEHUsI MEXAY TPpy30M H Iuiatdopma-
MH, Kpome niepBoro (npu iz = pog = 0,1), HaunHa-
eTcsi C COBMECTHOTO IBIDKCHHS BCEX TpeX Macc.
[Ipu mepBoM codeTaHWM yKa3aHHBIX K0d(durmen-
ToB miardpopmbl 1 W 2 HAUYMHAIOT ABHTATHCS CO-
BMECTHO, @ TPy3 OTHOCHUTEIIFHO X IPOCKaJIb3bIBa-
eT. Pe3ynpTarsl pacuera 1o OnpeiesIeHHI0 OTHOCH-
TENBHBIX MEPEMEIICHUH 3JIEMEHTOB  CHCTEMBI
u ycumnid Nig 1 Ny ¢ yueToM orpaHu4eHuid 1o 3a-
30paM B TYPHHKETHO KpPEHEXKHBIX YCTPOHCTBAX

M TOMIOLAIIMX  ammnaparax IpeicTaBIEHBI
tonoM Pynre-Kyrra werBeproro mnopsaxa. Pac- g r1a6m 1.
cMaTpuBaIHCh 4 KoMOWHAmMHM Kod()PUITMEHTOB
Tabnumna 1
Pe3yabTaThl pacueToB
Table 1
Calculations date
OTHOCHUTEIBHBIC
Bapbupyemsle napamerpsl
NEepEMELIEHMS, M
Nl3 N23
MH MH
0 0,5 0,06 0,06 - >>0,500" >>0,500" - -
0,18 0,18 0,129 0,509* 0,509* 0,18 0,4194
0,30 0,30 0,144 0,380 0,380 0,30 0,4634
0,06 0,33 0,118 0,508" 0,508" 0,05 0,5615
4 0,06 0,06 0,117 0,378 0,268 0,06 1,1320
0,18 0,18 0,130 0,306 0,211 0,18 1,0235
0,30 0,30 0,144 0,255 0,161 0,30 1,0446
0,06 0,33 0,118 0,320 0,206 0,06 1,1559
8 0,06 0,06 0,117 0,293 0,162 0,06 1,2534
0,18 0,18 0,130 0,226 0,121 0,18 1,1487
0,30 0,30 0,147 0,220 0,110 0,30 1,1830
0,06 0,33 0,133 0,267 0,137 0,06 1,4287
0,5 0,5 0,06 0,06 - >>0,500" >>0,500" - -
0,18 0,18 0,131 0,437 0,396 0,39 0,37
0,30 0,30 0,146 0,326 0,279 0,46 0,4396
0,06 0,33 0,120 0,431 0,382 0,27 0,5211
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OxoHvyaHue Tabn. 1

End of table 1

Bapbupyembie mapamMmeTpsl OTHOCHTEINbHBIE IEPEMEILICHHUS, M

Nis Nas

4 4 0,06 0,06 >>0,150" - - - -
0,18 0,18 >>0,150" - - - -

0,30 0,30 >>0,150" - - - -

0,06 0,33 550,150° - - - _

8 8 0,06 0,06 >>0,150" - - - -
0,18 0,18 >>0,150* - - - -

0,30 0,30 >>0,150" - - - -

0,06 0,33 >>0,150" - - - -

“He yooBJIETBOPSET OTPaHUYEHHAM II0 3a30paM B HOTIONMIAIOIINX anmnapaTax wim TKY.

Hayuynasi HOBH3HA M IpaKTHYecKast
3HAYUMOCTh

HccnemoBano coymapeHue cliema BaroHOB
C pa3MelIeHHbIM JITUHHOMEPHBIM TPy30M C yde-
TOM CyXOro TpeHus B omnopax. IIpeBeneHHyro Me-
TOAMKY CJIEeIyeT UMETh BBUIY IPHU pacuere mapa-
MetpoB TKY ¢ cyxum TpeHuem.

BriBoabl

Kak BuaHO W3 TONYy4YeHHBIX AAHHBIX, PaLHO-
HaimpHaa cxema TKY nmomxHa oOecrieunBaTh MU-
HUMAJIbHYI0 JKECTKOCTb Ha IIEpBOH IO XOIy JBU-
JKeHUsl MI1aThopMe M KECTKOCTh, MOIOHPaeMyIo
UCXOJs U3 orpaHuueHuid no 3azopaM B TKY u mno-
IJIOLIAOIIMX annapaTax, Ha 3amHedl miardopme.
Takoe codeTraHue AOHKHO COXPaHATHCS HE3aBU-
CUMO OT HampasiieHWs Ipu yaape. Haumensmime
CHJIBI yAapa, JCHCTBYIOLIME Ha TPY3, BO3HHKAIOT
NpU CPETHHUX 3HAYCHUSIX KOIPPUIMEHTOB TPEHHS
B TKY. Dtu BBIBOABI MOTYT OBITH YTOYHEHBI ITy-
TEM ONTHMHU3ALMH YOPYTHX U AEMI(QUPYIOMIHNX
apaMeTpoB ¢ NPUMEHEHHEM METOJIOB MaTeMaTH-
YEeCKOIro MPOrpaMMHUPOBAHHS.
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MOJAEJIOBAHHA 3ITKHEHDb BAI'OHIB
ITPU CYXOMY TEPTI B OIIOPAX BAHTAXKY

Mera. Y crarti HeoOximHo mocmianTu: 1) mepeMilieHHs] TOBFOMIPHOTO BAaHTaXy, IO MEPEBO3UTHCSA Ha 34eri
JIBOX 3aJTi3HUYHKX IathopM, o0maqHaHuX TypHiKeTHO-KpinuibHuME npuctposimu (TKII); 2) miro cin Ha BaHTax i3
6oky TKII. MeTomuka. J{ociikeHHs BUKOHAHI METOJIOM TEOPil KOJIMBaHb MEXaHIUYHMX CHCTEM i3 KIHIIEBUM YHC-
JIOM CTyIIeHiB cBoOou. Pe3yabTaTn. ABTOpaMu OTpUMaHo panioHanbHi napamerpu T KII npu cyxomy Tepti B oro-
pax, siKi 3a0e3reuyroTh HaliMEHIIi CHJIH, 1110 JAII0Th Ha BaHTaX y pe3ynbraTi 3iTkHeHHs. HaykoBa HoBu3Ha. PanHi
JIOCJII/PKEHHS] IMHAMIKH CHCTEM «BaroH—BaHTax» i3 pyxomumu TKII 3xilicHIoBanmcs 3 HEOCTAaTHLOIO TOYHICTIO.
[Ipu posrnsini noxiOHUX 3aBJaHb BAABAIUCS 10 3HAYHOTO CIPOILCHHS PO3paXyHKOBUX CXeM. BHKOpHCTaHHS TakKHX
MPUCTPOIB T03BOJISIE POOUTH OIOPH JOBrOMIpHOTO BaHTaXXy Ha BarOHW PyXJIHMBO-LieHTpoBaHKMHU. TKII momyckaroTh
Oinpr 200 MEHI 3HAYHWN 3CYB BaHTa)XXy BIIHOCHO OTIOPHUX BAaroHIiB y TO3M0BKHBOMY HampsMmky. [licist ymapy
3a0e3Medy€eThesl IOBEPHEHHS BAaHTaXKy B TOYATKOBE MOJIOKEHHA. II0BOPOTHA chila B TAKUX IPHUCTPOSIX YTBOPIOETHCS
a0 3a paxyHOK npyxHux BractuBocteil TKII, abo 3a paxyHOK MigBHUIIECHHS PiBHS HEHTPY Mac, IO CITUPAIOTHCS Ha
Hux. [Ipolec moBepHEHHs BiI0OYBAETHCS KIHEMATHYHUM HISIXOM IPU ropu3oHTasibHOMY BigxwiieHHi TKII 3 piBHO-
Ba)KHOT'O TOJIOKEHHS. PillleHHs 3a/a4i BU3HAYEHHS XapakTepy Ta BEJIMYMH, IO JIIOTh Ha BaHTaXI CHJI 1 MPUCKO-
PEHBb, peali3oBaHO a/IEeKBAaTHOIO pealibHUM yMOBaM MaTeMaTHYHOIO MOEIUI0. BpaxoBaHo oOMexeHHs 1o 3a30pam
y TKII Ta nornuHarounx anapatax BaroHiB. IIpakTuuna 3HaunmicThb. [IpoBenieHe noCiiKeHHs T03BOJINTH pO3pa-
XyBaTH mapamerpu peanbHuX TKII, 1m0 npussene 10 3HMKESHHS MOLIKOKYBAHOCTI JOBFOMIPHUX BaHTaXIB, SIKi
NepeBO3STHCS HA 34ernax 3ai3HUYHUX TU1aT(hopM.

Kniouosi crosa: NOBroMipHHH BaHTaX; TYypHIKETHO-KPINWJIBHUI MPUCTPii; MareMaTHYHE MOJEIIOBAaHHS; I10-
IKO/KYBaHICTh BAaHTaXy
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CARS IMPACT SIMULATION AT DRY FRICTION
IN CARGO SUPPORTS

Purpose. The study investigates: 1) long cargo movements, carried on coupling of two railway platforms
equipped with turnstile-fastening devices (TFD); 2) the forces acting on the cargo by the TFD. Methodologhy. Re-
search were carried out using oscillations theory of mechanical systems with a finite number of degrees of freedom.
Findings. Authors obtained rational parameters of TFD at dry friction in supports, which provide the smallest forces
acting on the cargo as a result of impact. Originality. Early studies of «car — cargo» system dynamics with moving
TFD were carried out with insufficient accuracy. When considering such tasks one resorted to a significant simplifi-
cation of the calculation schemes. The use of such devices allows producing supports of long cargo for cars mov-
able-centered ones. TED allow more or less significant shift of the cargo relatively to support cars in the longitudi-
nal direction. After impact the return of the goods in the original position is ensured. Restoring force in such devices
is formed either by the elastic properties of TED, either by increasing the center level relying on them masses. The
return process takes place by the kinematic way when horizontal deflection of TFD from the equilibrium position.
The solution of the problem to determine the nature and magnitudes acting on the cargo forces and accelerations is
implemented by mathematical model, adequate to real conditions. Gaps limitations and absorbing apparatuses of the
cars in TFD are taken into account. Practical value. This study will allow to calculate the parameters of real TFD
that will reduce the damage of long cargo transported on coupling of railway platforms.

Keywords: long cargo; turnstile-fastening device; mathematical modeling; damage of goods
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ROLLER RIG TESTING AT THE CZECH TECHNICAL UNIVERSITY

Purpose. Although the advancements in computer simulation technology have paved way to provide very reli-
able simulation results, track tests still play an essential role during the process of development and homologation of
any railway vehicle. On the other hand, track tests depend on weather conditions, are difficult to organize and are
not suitable for testing vehicles in critical situations. On a roller rig, the tested vehicle is longitudinally fixed and
a track is replaced by rotating rollers. Such device offer testing of railway vehicle running dynamics in safe and sta-
ble laboratory environment. The purpose of an article is to investigate and describe roller rig testing at the Czech
technical university in Prague (CTU). Methodology. In the paper it is shown the history of development of the
scaled CTU roller rig from the earlier stages until the current projects for which the CTU roller rig is utilized for.
The current design of the experimental bogie, roller rig, sensors instrumentation and types of experiments conducted
at the CTU roller rig are described in more detail. Findings. Although the differences in vehicle behaviour on
a track and a scaled model on a roller rig are not negligible, scaled roller rig experiments are found as a relatively
inexpensive way for verification and demonstration of computer simulations results. They are especially useful for
verification of multibody system simulations (MBS) of entirely new running gear concepts. Originality. The CTU
roller rig is currently used for the experiments with active controlled wheelset guidance. According to simulations
results published in many papers such systems offer, in principle, better performance compared to conventional pas-
sive vehicles. However, utilization and testing of active controlled wheelset guidance on vehicles is still rare. CTU
roller rig serves as a tool to verify computer simulations and demonstrate benefits of active wheelset guidance.
Practical value. Experiments conducted on the CTU roller rig confirm the possibility to significantly influence
railway vehicle running dynamics by actively controlled wheelset guidance. Such concept could be regarded as
a possible and likely approach for the design of future railway vehicles running gears.

Keywords: roller rig; active control; wheelset guidance; mechatronic bogie

Introduction the roller rig a tested vehicle is longitudinally fixed
and has no forward velocity, the creep conditions
in the wheel-roller contacts are very similar to the
creep conditions in wheel-rail contacts on a real
track.

The key advantages of railway vehicles labora-
tory roller rig testing are stable climatic conditions,
knowledge of the current state of the track and
elimination of safety risks and legislative problems
associated with the operation of prototypes in
a public railway network. Moreover, in contrast
with track tests, roller rigs offer also the advan-
tages of low cost, low spatial demands, a safe and
controlled laboratory environment, and ease of ac-
cess to components and the testing apparatus.

The first know utilization of a roller rig for the
investigation of the performance of steam locomo-
tives was in United Kingdom in 1904 [1]. How-

MBS simulations play an important role in the
development of rail vehicles with steadily increas-
ing significance. Although results of today’s MBS
simulation are very realistic, experimental verifica-
tion is still unavoidable. Track tests play an essen-
tial role in the process of new rolling stock ap-
proval. Nevertheless track tests are also very ex-
pensive, time consuming and difficult to organize.
Therefore, it is almost impossible to perform them
under a university environment. Moreover, the
track tests are not suitable for initial experiments
with completely new concepts of running gears,
because in that case it is hardly possible to fulfill
all safety requirements.

Roller rig testing of railway vehicles is based
on replacement of a track by rotating rollers with
a rail profile on their circumference. Although on
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ever, the most important era of roller rigs utiliza-
tion came together with the development of high-
speed vehicles. From the late fifties until the early
eighties last century, roller rigs in Japan, UK, Can-
ada, USA, ltaly, France, Germany and Russia, later
in China, were built [2]. Once the early stages of
high speed vehicle development were successfully
finished, the demand for roller rig vehicle testing
significantly dropped. Because full-scale roller rigs
are rather costly facilities, most of them are out of
the operation now and advanced MBS simulations
often replace their role in the vehicle development
process.

Roller rigs designed for testing scaled models
of railway vehicles are called scaled or model roll-
er rigs. The main advantages of scaled roller rig
compared to the full scale ones are:

— Manufacturing of the scale rig and test vehi-
cle causes rather decreased expenses.

— Handling and maintenance are comparatively
easier.

— A lot of vehicle parameters can be changed
with tolerable effort.

However, there are also inconveniences and
disadvantages connected with scaling and applying
similarity laws [3, 4]. The design of a scaled model
always depends on scaling strategy [5] and the area
of investigated phenomena. It is not possible to
build a scaled model exactly representing all prop-
erties of a full scale vehicle.

Purpose

Due to the above mentioned scaling issues,
model roller rigs are rarely used for the verification
of behaviour of real vehicles. The use of a scaled
roller rig is usually focused on:

— Verification and validation of simulation
models [6].

— Investigation of fundamental railway vehi-
cles running behaviour [9].

— Development and testing of novel bogie de-
signs [7, 8, 10].

Although MBS simulations give reliable re-
sults, it is always necessary to identify model pa-
rameters by a comparison with the experimental
data. Scaled roller rig experiments are an advanta-
geous way for model parameters identification and
consequent demonstration of simulations results.

Typically, scaled roller rigs are not used for as-
sessing the performance of a particular vehicle, but

they play an important role in a development of
entirely new concepts of running gears and suspen-
sions and in verification of MBS simulations.

Methodology

The history of roller rig testing at the CTU be-
gan towards the end of eighties last century, when
single axis

the first roller built

(Fig. 1).

rig was

Fig. 1. The first scaled roller rig at the CTU

The scale of the first CTU roller rig was 1 to
3.5 and it remained unchanged until now. The rig
was built as an initial step of full scale roller rig
development. Because the project of the full scale
roller rig has never been started, the first scaled
roller rig became a basis for all future roller rig
testing at the CTU. The rig has been improved and
updated many times, where the design changes
were specifically performed mainly according to
the objectives of the projects in which the rig was
used. The first major modification came during the
first half of the 90’s, when the rig was completely
rebuilt to a 2-axle type configuration (Fig 2). The
experimental two-axle bogie had a wheelbase of
714 mm, track gauge of 410 mm and wheels di-
ameter 263 mm. This corresponds to a wheelbase
of 2500 mm and 920 mm wheel diameter for real
standard gauged vehicle [11, 12]. In the following
period the rig was not intensively used.

The new era of the CTU roller rig development
took place from 2005 together with the beginning
of experiments focused on the behaviour of the
wheelsets with independently rotating wheels
(IRW) and later with the experiments with active
wheelset guidance.
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Fig. 2. CTU roller rig after redesign
to 2 axle bogie stand

The main design changes were:

— Replacement of DC roller drives by 3-phase
asynchronous motors.

— Possibility to simulate a curved track.

— A system for measurement of wheel roller
contact forces.

— Actuated wheelset steering mechanism.

— Data acquisition system based on Matlab-
Simulink software.

The state of the CTU roller rig in the 2015 after
more than two decades of modifications is depicted
in Fig. 3. The rig is designed to carry out experi-
mentation with a roller revolution range up to
700 min™, corresponding to the full scale vehicle
speed of 230 kmh™. The CTU roller rig is not re-
stricted to perform experiments only for
a straight track, but it is capable also to simulate
negotiation of a curved track, or track consisting of
arbitrary number of straight, transition and con-
stant curvature sections.

The increasing demands on experiments carried
out and also the wear of the currently used test bo-
gie instilled motivation for the design of a new test
bogie which was designed, manufactured and put
into operation in 2015 [14].

Fig. 4 shows the CTU roller rig with the new
experimental bogie. This bogie does not corre-
spond to any specific bogie of a real vehicle. Its
design is based upon the goals of experimental re-
search. In order to achieve a high geometrical pre-
cision, most of the parts are made of aluminium by
CNC machining. In order to eliminate dry friction
and clearances, connections of mutually movable

components are realized by roller and linear roller
type bearings. The wheelsets can be quickly setup
to conventional or IRW type. Wheel profiles with
different taper grade in range from 1/40 to 1/5 are
available. The wheelsets are designed to accom-
modate individual wheel drives in the future.

Fig. 4. The new test bogie at the CTU roller rig

The bogie has no primary suspension and the
wheelsets can move only in the yaw direction to-
wards the bogie frame. Each wheelset is independ-
ently actuated by an active controlled mechanism
(Fig. 5). The actuator is a permanent magnet syn-
chronous servomotor M408S (item 1) with rated
torque 2.5 Nm. It can be controlled to the desired
magnitude of yaw torque acting on the wheelset, or
to a desired value of yaw angle between the wheel-
set and the bogie frame. The actuator torque is
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transmitted via the toothed belt (item 2) to a steer-
ing rod (item 3) and finally by two pairs of link-
ages (item 5) to the wheelset.

Fig. 5. Actuated wheelset steering mechanism

Findings

The CTU roller rig is utilized both for educa-
tion and research purposes. Regarding education,
the CTU roller rig serves not only to demonstrate
fundamentals of railway vehicles running dynam-
ics and to teach students measurement of various
physical quantities, but students are also involved
in the rig development. Many of its parts and sub-
systems were designed in lieu with student di-
ploma works.

With regards to research, the CTU roller rig is
utilized for projects focused on running dynamics
of both conventional and IRW wheelsets and could
be divided to the three main areas:

— Improvement of high speed stability.

— Improvement o curving behaviour.

— Improvement of guiding properties.

First two points relate mainly to the running
gears with conventional wheelsets, whereas the
third point concerns IRW. As an example two
types of experiments are shown.

Radial steering of conventional wheelsets. To
confirm roller rig capability for curved track simu-

lations and to test system for wheel roller contact
forces measurement, roller rig experiments focused
on radial steering of conventional wheelsets were
performed [13].

The simple control law was applied by setting
required yaw angle between wheelset and bogie
frame proportional to the radius of negotiated
curve. Experiments with varying curve radii and
varying yaw angles between wheelsets and bogie
frame were performed. Influence of the wheelset
yaw angle to the quasistatic mean value of lateral
component of the wheel rail force (Y-force) was
studied. Fig. 6 shows an example of Y-force time
development obtained by one test run.
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Fig. 6. Curve passing test at the roller rig — measured
data v ... yaw angle of the wheelset towards
the bogie frame Y ... lateral component
of wheel roller contact force

In accordance with the CTU scaling strategy,
the parameters of a virtual bogie were calculated.
This virtual bogie is a full scale representation of
roller rig test bogie. The MBS software Simpack
was used to build a computer simulation model of
the virtual full scale bogie and perform simulations
of curve negotiation. The radius of the curve vas
150 m and the vehicle speed was set up to 35 km/h.
To obtain similar conditions as we are able to sim-
ulate on the roller rig, the lateral acceleration was
fully compensated by rail superelevation and the
friction coefficient set up to 0.3. Different respec-
tive wheelset steering angles were set up and the
mean value of Y-force on the outer wheel of the
leading axle was observed.

Fig. 7 compares Simpack simulation results
with the roller rig measurements. Considering the
differences in a vehicle behaviour on a roller rig
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and on a track and scaling issues, the experimental
and MBS model results show good agreement. The
results confirmed possibility of curved track ex-
periments on CTU roller rig and expected
Y-forces reduction by actuated wheelset steering.

Influence of wheelset steering on Y forces
R150 m
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Y wheelset yaw angle with respect to bogie frame  [deg]

Fig. 7: Dependency of Y force mean values
on yaw angle of wheelsets

Hunting motion stabilization by active con-
trolled wheelset guidance. The concept of active
control is based on adding sensors,
a controller and actuators to the existing mechani-
cal system. Sensors observe the system and pro-
vide the information about its current state to the
controller. Based on sensors signals the controller
computes driving commands for the actuators
which then influence the system behaviour by ap-
plying corresponding forces or torques. It is gener-
ally agreed that by utilization of such system in
a vehicle suspension superior properties over a
conventional passive vehicle could be achieved.

Most of the experiments conducted at the CTU
roller rig over the last several years were focused
on utilization of active control in a primary suspen-
sion and wheelset guidance. Different control
goals, control strategies, controller complexities
and sensor instrumentations were tested. As an
example the implementation of the «Active yaw
damping» is shown [16].

Wheelset stabilization is commonly achieved
by linking two wheelsets to the bogie frame via
primary suspension. This stabilizes the wheelset
but also deteriorates the curving performance. The
demand of higher operating speeds usually requires
stiffer primary suspension, whereas improvement
in the curving performance requires primary sus-
pension softening and vice versa. Thus a design of
a railway vehicle running gear is always based on
tuning suspension parameters and the inevitable
compromising between curving performance and

high-speed stability. Applying the «Active yaw
damping» method, high speed stability can be
achieved without deterioration of curving perform-
ance by increasing a yaw stiffness of the primary
suspension. This method is based on introducing
controlled yaw torque acting between a wheelset
and a bogie frame. The torque value is proportional
to the lateral velocity of the wheelset.

The system of active yaw damping was imple-
mented as a functional test of the new experimental
bogie [15]. Lateral positions of wheelsets were
directly measured by contact position transducers,
the output signal of which is sent to the analogue
inputs of an 1/O card installed in a standard PC.
Then the signals were filtered, differentiated, and
further processed to obtain wheelsets lateral veloci-
ties. All the signal processing is executed in a real
time using Matlab Simulink software and its real
time toolbox. The controller output is in the form
of two voltage signals proportional to required ac-
tuator torques. Those signals are in a sampling rate
of 200 Hz sent via analogue output of the I/O card
to the analogue inputs of inverters, which control
wheelset steering actuators.

Fig. 8 shows measured lateral positions of both
wheelsets during a roller rig test. It can be seen,
that once active yaw damping control is switched
on (from 15 to 66 s) both wheelsets run in the cen-
tre of a track, whereas without active control
wheelsets exhibit heavy hunting.

=]

Fig. 8. Time development of wheelsets’ lateral position

Originality and practical value

Active control employed throughout today’s
railway vehicles are mainly utilized in partial sub-
systems such as, drive control, wheel slide protec-
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tion, heating and ventilation, etc. The direct impact
of electronics and control systems on the vehicle
running dynamics is on railway vehicles in regular
operation limited to the vehicles with tilting body
and rare usage of semi-active dampers. In contrast
to this, for aircrafts or motorcars, the electronics
has fundamentally higher impact on basic func-
tional properties. Practically each of today’s mili-
tary or passenger aircraft are equipped with so
called «fly-by-wire» technology that fully controls
flight dynamics. Also motorcars are commonly
equipped with advanced drive-assistance electronic
systems. This technological lead can be attributed
to long-term operational life of railway vehicles in
comparison to motorcars or aircrafts. It can be as-
sumed that also on railway vehicles the utilization
of the electronics and control concepts will in-
crease with time. Further, the utilization of control
concepts that directly influence running dynamics
and interaction between the railway vehicle and the
track can be expected.

Thus, scaled roller rig experiments plays an
important role in the research of active control of
railway bogies conducted at the CTU.

Conclusions

The CTU roller rig and its experimental bogie
provide the possibility of laboratory tests featuring
most of the applicable actuation schemes at the
primary suspension and the wheelset guidance lev-
el. Besides standard displacement, acceleration,
torque and force sensors, the bogie is equipped
with measurement of forces between axleboxes
and the bogie frame. Furthermore, Y forces meas-
urement implemented on the rollers allows not on-
ly to study running dynamics of active controlled
railway bogie, but also to test its influence to the
magnitude of wheel-rail contact forces and conse-
guent wear of the wheels and rails.

Despite the increasing accuracy and reliability
of computer simulations, vehicle testing is still un-
avoidable part of the process of a vehicle develop-
ment and homologation. Long term experience at
the CTU shows that testing on
a scaled roller rig is an outstanding way to verify
computer simulations results without high costs.
Despite of the technical and legislative issues the
utilization of active controlled wheelset guidance is
regarded as a promising design solution for the
railway vehicles in the future. Research in this area

is certainly not finished and CTU indeed plans to
progress it further, where scaled-roller rig testing
will definitely play a vital role.
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CTEHAOBI KATKOBI BUIIPOBYBAHHS
B YHECBKOMY TEXHIYHOMY YHIBEPCUTETI

Meta. Xoua gocArHEHHs B 00JIacTi TEXHOJIOTIT KOMIT'IOTEPHOTO MOJEIIOBAHHS JI03BOJISIIOTH OTPUMATH JIOCUTh
HaMidHI pe3yJbTaTH MOJCIIOBAaHHS, HATYypHI BUIPOOYBaHHS IOCI TPAlOTh ICTOTHY POJb y TPOLECi PO3poOKH
i ceprudikamnii Oyap-sIKOro 3aJIi3HUYHOTO TPAHCHOPTHOTO 3aco0y. 3 iHIIOro OOKY, HIISXOBI BUNPOOYBaHHS 3aje-
JKaTh BiJl HOTOJHUX YMOB, iX BaYKKO OpraHi3yBaTH i BOHU HE IMIAXOIATH U BUIPOOYBAaHHS TPAHCIIOPTHUX 3aCO0IB
Yy KpUTHYHHMX cuTyauisx. Ha kaTkoBoMy cTeHIl BHNPOOYBaJbHUI TpaHCIOPTHHH 3acid  (ikcyeTbes
B TO3/I0BXXHBOMY HANPSMKY, a 3aMICTh 3aJi3HWYHOI KOJii BUKOPHCTOBYIOTHCSI 00epTOBi posimku. Take mpucrocy-
BaHHS JIa€ MOJIMBICTb NMPOBECTH AWHAMIYHI BUIIPOOYBAaHHS XOJOBUX XapaKTEPUCTHUK PEHKOBUX TPAHCIOPTHUX 3a-
co0iB y Oe3meyHoMy Ta CTaOUIbHOMY J1a0OpaTOPHOMY Cepe/loBHII. MeTa CTaTTi: AOCTIIUTH Ta ONMHCAaTH CTEH/IOBI
KaTKOBI BHUMPOOYBaHHS Ha KaTKOBOMY cTeHai B Uechbkomy Texuignomy yHiBepcureti (HTY) B IIpasi. MeToauka.
B crarri mnokazaHa ictopis  poO3BUTKY MacmraboBaHoro katkoBoro crenay YTV, mnoumnaroun
3 paHHIX eTaliB i A0 MOTOYHUX IPOEKTIB, B IKUX BUKOPUCTOBYEThCS KaTkoBui creHa UTY. JloknamHo omucaHi 1i-
1041 KOHCTPYKIii eKCIIEPUMEHTAILHOTO Bi3Ka, KATKOBOT'O CTEH/Y, JaTUYMKIB 1 PHIIAJIiB, a TAKOX THITIB EKCIIEPUMEH-
TiB, IO TIPOBOZATHCA Ha KaTkoBoMy cTeHai UTY. Pe3yabTaTu. JloBeA€HO HEIOMyCTUMICTh HEXTYBAaHHS BiIMiHHOC-
TSAMHU B TIOBEIHIII TPAHCIIOPTHOTO 3ac0o0y Ha 3ali3HHYHIA KOIii Ta MacmTabOBaHOI MOJEN Ha KaTKOBOMY CTCHIII.
MacmraboBani BunpoOyBaHHS Ha KAaTKOBOMY CTEHII € BiTHOCHO HEIOPOTHUM CIIOCOOOM Uil TepeBipKH
1 AEMOHCTpaLil pe3yIbTaTiB KOMITIOTEPHOTO MOJICJIIOBAaHHS. BOHM 0cO0IMBO KOPHUCHI IS IIEPEBIPKH MOJICTIFOBAHHS
6aratomoaynsrux cucteM (BMC) abcomoTHO HOBUX KOHIIEMIiH X010B01 yactiHi. HaykoBa HoBu3HA. Jociimke-
HO, 10 B JaHWH 4ac kaTkoBHH creHn y UTY BUKOPUCTOBYETHCS Ul BUIIPOOYBaHb i3 aKTMBHUM KOHTPOJILOBAHUM
KepyBaHHAM KOJNiCHOI mapu. 3TigHO 3 pe3yiapTaTaMi MOJEIIOBAHHSA, OMyOJIiKOBaHMMH B OaraTtebox poOoTax, Taki
CHCTEMH IPOIOHYIOTh, B IPUHIIMII, O1JIbII BUCOKY NPOAYKTHBHICTH Y NOPIBHSHHI 31 3BUYaifHUMH ITAaCUBHUMH TpPaH-
cnopTHUMU 3acobaMu. OHAK BUKOPUCTAHHA 1 TECTYBaHHS aKTHBHOTO KOHTPOJILOBAHOTO YIPABIIHHS KOJICHOI Tapu
Ha TPaHCIIOPTHUX 3ac00ax i paHime pinko 3ycrpivanocs. Karkosuit creny UTY cirykuTh B SIKOCTI IHCTPYMEHTY IS
MepeBipKM KOMITIOTEPHOTO MOJETIOBAaHHS Ta JEMOHCTpamii MepeBar akTHBHOTO YIIPABIiHHS KOJICHOI mHapw.
IpakTuuna 3HavnmicTs. BunpoOyBauHs, npoBeneHi Ha kaTkoBoMy cteHai UTY, miaATBepmKylOTh MOXIHMBICTH
ICTOTHO BIUIMBATH HA JUHAMIKY XOJy 3aJi3HHYHOTO TPAHCIIOPTHOTO 3ac00y 3a JAOIOMOTOI0 aKTUBHOTO KOHTPOJIBO-
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BaHOTO YIPABIiHHSA KOJICHOI mapu. Taka KOHIEMIiss MOKe PO3TIIAAATUCS B TKOCTI MOKIIMBOTO 1 IMOBIPHOTO IIiIXO-
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CTEHAOBBIE KATKOBBIE UCIIBITAHUA
B YEHICKOM TEXHUYECKOM YHUBEPCUTETE

Hean. XoTsa qocTKeHHs B 00J1aCTH TEXHOJIOTHH KOMITBIOTEPHOTO MOJIEITMPOBAHMS MTO3BOJISIIOT MOJYYHTh BECh-
Ma HaJEKHBIE PE3yJIbTaThl MOJACIMPOBAHUS, HATYPHBIE HCIBITAHHMA IO CHX IIOP HIPAalOT CYIIECTBEHHYIO POJb
B IIporecce pa3paboTKu U cepTU(HKALUK JII0O0T0 KeJIe3HOMOPOKHOTO TPAHCIIOPTHOTO cpeacTBa. C npyroi cropo-
HBI, ITyTEBbIE MCIIBITAHHS 3aBUCSAT OT MOTOJHBIX YCIOBUil, UX TPYJHO OPTaHU30BATh U OHH HE MOAXOIAT JAJIS UCIIbI-
TaHMsI TPAHCHOPTHBIX CPEIACTB B KPUTUUECKUX cUTyalusx. Ha KaTKOBOM CTEH[E HUCHBITHIBAEMOE TPAHCIOPTHOE
CpeAcTBO (PUKCHPYETCs B MPOAOIBHOM HAIPABJICHUH, @ BMECTO XKEJIE3HOIOPOKHOTO MyTH HCHOIb3YIOTCS BPaIIao-
muecs poiaukd. Takoe IpUCIIOCcOOJICHNE JJaeT BO3MOKHOCTD IPOBECTH AMHAMUYECKHE MCIBITAHUS XOJIOBBIX XapaK-
TEPUCTHK PEIBCOBBIX TPAHCIIOPTHBIX CPEICTB B Oe30macHON 1 cTabminbHOM TabopaTopHoii cpexe. Llens crareu: nc-
CJIEZIOBaTh U OMMCATh CTEHJIOBBIE KATKOBBIE MCIIBITAHMS Ha KATKOBOM CTEHJE B YEIICKOM TEXHHYECKOM YHUBEpPCU-
tere (UTY) B IIpare. Meronuka. B crarthe mokasaHa WCTOPHS Pa3BUTHS MAacCIITAOMPOBAHHOTO KAaTKOBOTO CTEHIA
UTY, HaunHas ¢ paHHUX 3TAalOB U J0 TEKYIIUX IIPOEKTOB, B KOTOPBIX UCIOJb3yeTcsa KaTkoBbld creny UTY. Ilon-
poOHO omycaHbl ASHCTBYIONINE KOHCTPYKIMH 3KCIICPUMEHTAIBHON TENEXKH, KaTKOBOTO CTEHA, TaTYMKOB M IPH-
0OpOB, a TaK)Ke TUIIOB IKCIIEPUMEHTOB, IPOBOJUMBIX Ha KaTkoBoM creHze UTY. Pesyabrartsl. [lokazana Henomyc-
TUMOCTB NIPEHEOPEKEHNS PA3INIMIMH B OBEACHUH TPAHCIIOPTHOTO CPENICTBA HA XKEJIE3HOJOPOXKHOM ITyTH M Mac-
mrabupyeMol MOJIesT Ha KaTKOBOM cTeHJie. MacitabupyeMble HCIBITaHUS Ha KAaTKOBOM CTEHJE SIBIISIFOTCSI OTHO-
CHTEJIFHO HEOPOTHM CHOCOOOM AJISI TIPOBEPKH M JIEMOHCTPAIMK PE3YJIBTATOB KOMIBIOTEPHOTO MOIEIMPOBAHUS.
OHH 0COOCHHO TIONE3HBI TSI TIPOBEPKH MOICIUPOBAHHMS MHOTOMOAYIbHBIX cucteM (MMC) cOBepIIeHHO HOBBIX
KOHLenuuil xonoBoil yactu. Hayunasi HoBu3Ha. Jl0Kka3aHo, 4TO B HacTosiee BpeMs KaTkoBblil creny UTY ucnosb-
3yeTcs A UCTIBITAHUH ¢ aKTUBHBIM KOHTPOJIUPYEMbIM yIIpaBlieHHEeM KoJaEcHOM mapsl. CorjaacHo pesynbTaTaM Mo-
JIETUPOBAHMS, OIYOJIMKOBAaHHBIM BO MHOTHX pabOTax, TAKME CHCTEMBI NPEUIAraioT, B MPHUHIMIIE, Oosiee BEICOKYIO
MPOM3BOIUTEIBHOCTh MO CPABHEHHIO C OOBIYHBIMH ITACCHMBHBIMH TPAaHCIOPTHBIMH cpencTBaMu. OHAKO UCIIOJIB30-
BaHUE U TECTHPOBAHHE aKTUBHOIO KOHTPOJIHPYEMOTO YIIPaBIEHHs KOJECHOH Mapbl HA TPAHCIOPTHBIX CPEACTBAX
Hmo-TpeXxHeMy penko Bcrpeuaercss. Karkomeid crens UTY cioykuT B KauecTBe WHCTPYMEHTa MAJISI NPOBEPKHU
KOMIIBIOTEPHOTO MOJEIMPOBAaHUS M JAEMOHCTPALUU IPEUMYIIECTB AKTUBHOIO YIPABICHHSA KOJECHOM Mapsl.
IIpakTHyeckas 3Ha4MMOCTh. VcnibiTaHus, IPOBEJCHHbIE HA KATKOBOM cTeHe UTY, noaTrsepxna0T BO3MOXKHOCTh
CYWIECTBEHHO BJIMATH HA AMHAMHUKY XOJa KEIE€3HOMOPOKHOTO TPAHCIIOPTHOIO CPEACTBA C MOMOIIBIO AKTHBHOTO
KOHTPOJIMPYEMOIO yIPAaBIEHUS KOJIECHOM mapel. Takas KOHLENIUSA MOKET PACCMAaTPUBATHCS B KaYECTBE BO3MOXK-
HOTO M BEPOSATHOTO IIOAXO/Aa TpPH Ppa3pabdOoTKe XOJIOBOM dYacTn OydymIMX >KEJIC3HOAOPOXKHBIX TPAHCIIOPTHBIX
CPEICTB.

Kniouesvie cnosa: KaTKOBBII CTEH]T; aKTUBHBIM KOHTPOJIb; YIPABICHUE KOJIECHOM Mapbl; MEXaTPOHHAS TEJIEXKKA
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MATHEMATICAL MODEL OF WHEELSET OSCILLATIONS WITH
INDEPENDENT WHEEL ROTATION IN THE HORIZONTAL PLANE

Purpose. The work is devoted to the study of horizontal oscillation and the assessment of the motion stability of
a single wheelset with independent wheel rotation, and to the comparison of stability indicators of the typical wheel-
set and the wheelset with independent wheel rotation. This is connected with the necessity to increase traffic speed
of rolling stock, improve road safety and comfort of passengers. Methodology. To achieve this purpose we used the
methods of mathematical simulation of railway rolling stock dynamics, as well as the linear algebra methods to as-
sess the stability of solutions of the linear homogeneous differential equations. Findings. To solve the set task the
design model of a single wheelset with independent wheel rotation was created. The wheelset is not a single solid
body; each of the wheelset axles has a surplus degree of freedom. Thus, we obtained the system with 4 degrees of
freedom. The design model allowed to obtain the system of linear homogeneous differential equations describing
the oscillations of the represented wheelset in a horizontal plane on a straight track section. On the basis of the com-
puter modeling were calculated the eigenvalues of the differential equation system coefficients and the asymptotic
stability analysis of the wheelset motion with independent wheel rotation. The increment and the frequency of fluc-
tuations were compared with similar indicators for the standard wheelset. The authors also discussed non-oscillatory
forms of the wheelset motion and the issues of wheelset self-centering on the track. Originality. The result of the
work is the mathematical model of the sinuous movement of a single wheelset, in two-dimensional formulation,
with independent wheel rotation and the estimate of the dynamic indices during its motion on a straight track section
without any irregularities. There were also proposed the ways to ensure the self-centering on the track of the wheel-
set with independent wheel rotation. Practical value. The developed mathematical model of the single wheelset
motion with independent wheel rotation can be used to create the advanced designs of railway running gear of cars.

Keywords: wheelset; sinuous movement; independent wheel rotation; horizontal oscillations; rolling stock; mo-
tion stability

Introduction makes lateral and rotational movements around its
vertical axis. The conical wheel bearing surface
causes the alternate lead of one wheel in relation to
the other, herewith the geometric center of the
wheelset axle deviates from the track central axis
and at the same time the wheelset axle is rotated
from the perpendicular to the track center position
[6, 9, 10, 13]. So during the motion the wheelset
traces out a complex wavy trajectory. This motion
was first described in 1883 by Klingel [3]. In this
regard, at high speed the train becomes unstable,
there are lateral oscillations and the motion quality
becomes unsatisfactory. There is a danger of de-
railment.

During movement along the track the car com-
ponents perform complex oscillations. These oscil-
lations are caused by dynamic forces and by the
track irregularities, gaps on the rail junctions,
wheel bearing surface conicity, as well as the ir-
regularities on wheel bearing surface, variability of
physical properties of track and wheelset materials,
spring suspension type, changes of car speed, etc.
[1, 2, 4, 5]. This paper examines in detail the oscil-
lations caused by wheel bearing surface conicity.

Analyzing the movement of the wheelset on the
rail track it is not difficult to see that it moves not
only progressively along the track axis, but also
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Purpose

The purpose of the work is to study horizontal
oscillation and to assess the motion stability of
a single wheelset with independent wheel rotation,
as well as to compare the stability indicators of the
typical wheelset and the wheelset with independent
wheel rotation.

Methodology

To achieve this purpose we developed the de-
sign model and composed the mathematical model
describing the oscillations of a single wheelset
with independent wheel rotation and in a horizon-
tal plane. After that we analyzed the asymptotic
solutions stability of linear homogeneous differen-
tial equations describing the oscillations of a single
wheelset with independent wheel rotation in a hor-
izontal plane on a straight track section.

Findings

The wheelset consists of two wheels firmly
fixed on the relevant axle shafts. The axle shafts
are connected with bearing units. Thus the wheel-
set may be represented as a single solid body, but
the axle shafts can be rotated in a longitudinal
plane on each other (have surplus degree of free-
dom). In the proposed mathematical model of the
single wheelset motion, the friction in the bearing
unit is ignored. To describe the motion of the
wheelset with independent wheel rotation on the
straight track section, we should calculate the rail-
wheel interaction forces. In 1926, F. Carter found
that the tangential force of contact wheel-rail inter-
action is proportional to the relative slip (creep) of
the contacting bodies [3, 7, 8, 11]. The tangential
force projections onto the longitudinal and trans-
versal axis are, respectively:

I X!
Y, =—ke,;, (1)
where &, g — relative ship towards x-axis and y-
axis, respectively; k — creep coefficient (according
to Carter’s hypothesis we consider that the propor-
tionality coefficients between longitudinal slip and
longitudinal force and between lateral slip and lat-
eral force are equal).
Design model of wheelset with independent
wheel rotation is shown in Fig. 1.

Fig. 1. Design model of wheelset
with independent wheel rotation

The wheelset with independent wheel rotation
moves at a speed V. According to the above design
model (Fig. 1) the wheelset position is determined
by the lateral swaying y, the hunting angle y, and
the additional angle of rotation of each of wheelset
axle shaft in the longitudinal plane ¢, @,, so the
angular velocity of each axle shaft is:

V/r+¢,.

Thus, we consider a system with four degrees
of freedom. We accept that the hunting angle of the
wheelset is small enough. The relative slip &, &,
can be determined by the formulas:

Exi =nxi/V,
8yi :nyi/v'

where 7, nyi - slip velocity at the wheel-rail con-
tact points;

The slip rate is determined as the difference be-
tween the rail and the wheel speeds:

=V A= (= )+ )

. Vo
Ny2 =[V —dlw—(rwy)(?ﬂpz)]
Ny =y-yVv

(1) Ny =Y -wV

where p — wheel tread grade; r — rim radius on neu-
tral axis.
The relative slip is:

1 :
g = IV 0 = (T —py)

Gy by T

AV
x(—+¢,)]=
(I’ ¢)] Vv » Vv
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o= IV =i = (- )+ 0] =
r

dy py

1. y
8y1=v[y—\VV]=V—\V

1. y
€y2 :V[V—WV]ZV—\V

Herewith we ignore the summand py¢; , given

that it is by several orders of magnitude smaller
than the others.

Let us substitute the slip expressions into the
formula 1 and we obtain the expression:

Mz_k$w_hw+kmh
r \

X, = kdy | kpy | kro,
V r V

"
Y, =k\|/—vy

"
Y, =k\y—Vy

Then the principal moment acting on the verti-
cal axis is:

M, =X,d, - X,d, =
2kd2y  2kduy  krd, .
= — —_ + —
Vv r Y (9, —¢,)

The principal vector in the transversal direction
is equal to:

Y =Y, +Y, :—2V£y+2k\y

The moment acting transversely on the axle
shafts respectively:

. 2.
M= —X,r = krd, s rkuy— kreo,
\Y,
krd\s krg
My, ==X,r ==~y -0

The motion equations:
1% =M,
mWSj/' = Y , (2)
15, = My,

| wsas i;
y

(pl =My2'

The resulting system of equations describes the
motion of a single wheelset on a straight track sec-
tion.

To assess the stability of the motion of the sin-
gle wheelset with independent wheel rotation, we
write the equation 2 in matrix form:

MG+ Fq+Kg=0 3
where ¢ — BeKTOp 0000IIIEHHBIX KOOPAHHAT.

y
\V
(1
¢,

q:

M — matrix of inertial coefficients;

I n.xkn

y

F — matrix of damping coefficients;

2
k 2d  —d,r dyr
vV —d,r  r?
d,r r?

K — coefficient matrix of the movements;
-2
2ud,
K=kl r
-
i

To determine the eigenvalues of the coefficient
matrix the system of equations 3 can be written as:
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G=-M"[Fq+Kq]

After some transformations we obtain:

s

Thus, calculation of the eigenvalues of the co-
efficient matrix for different speeds and different
values of the wheel rate allows obtaining the dia-
grams of oscillation increment and frequency de-
pendency on speed (Fig. 3, 4).

1 — Wheelset with independent wheel rotation;

2 — Standard wheelset.

\

\

T N 30 ] = 8o ™ a0
speed of movement, m/s

Fig.2. Dependency of oscillation increment on speed

Cscillation frequency, H
\

\

\

\

\

\
\
\
\
\
\

speed of movement, m/s

Fig. 3. Dependency of oscillation frequency on speed

The obtained results indicate that for the wheel-
set with independent wheel rotation the form of
hunting oscillations and swaying remains. Here-
with the oscillation frequency at the same speed is
half that of the standard wheelset. Oscillation in-
crement is 5.5 times less than for the standard
wheelset, although it remains positive over the en-
tire range of the examined velocities. This indi-
cates that the use of wheelsets with independent
wheel rotation will increase the car movement sta-
bility at high speeds. However wheelset with inde-
pendent wheel rotation is also characterized by
non-oscillatory movement forms. In this regard,
under certain conditions the wheelset loses its self-
centering in the track that is its significant disad-

vantage. One of the variants to ensure wheelset
self-centering in the track is the use of resistance
element to the relative rotation of the wheelset ax-
le-shafts [12]. During the relative rotation of the
wheelset axle-shafts such an element will create
a moment of resistance in an effort to equal the
angular velocities of the axle-shafts. This will lead
to the wheelset rotation around the vertical axis in
such a way that the wheelset will tend to take the
central position in relation to the track axis [14,
15]. Of course, to confirm this assumption it is
necessary to conduct experiments on a physical
model or prototype of the wheelset as part of a bo-
gie and a car.

Originality and practical value

The result of the work is the mathematical
model of the sinuous movement of a single wheel-
set with independent wheel rotation and the esti-
mate of the dynamic indices during its motion on
a straight track section without any irregularities.
The developed mathematical model of the motion
of the single wheelset with independent wheel ro-
tation can be used to create the advanced designs
of railroad car undercarriage at the stage of selec-
tion of running gear parameters using mathemati-
cal modeling.

Conclusions

As a result of comparison of the increment and
the oscillation frequency of a single wheelset,
standard and with independent wheel rotation, it
was found that the use of wheelsets with independ-
ent wheel rotation allows achieving higher dy-
namic qualities of movement. However, this re-
quires experimental verification on the stand or
dynamic tests on the line.
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MATEMATHUYHA MOJIEJIb KOJIUBAHb KOJICHOI TAPA
3 HE3AJIEXKHUM OBEPTAHHSAM KOJIIC
B 'OPU3O0OHTAJIBHIA IVIOIUHI

Merta. PoboTa npucBsiaeHa TOCITiHKEHAIO TOPU3OHTAIBHAX KOJMUBAHb Ta OIIHIN CTIHKOCTI pyXy OJUHOYHOI KO-
JICHOT Tapy 3 HEe3aJeKHUM 00epTaHHAM KOJIC, a TAKOXK IMOPIBHAHHIO MTOKA3HHUKIB CTIHKOCTI THITOBOi KOJiCHOI Tapu
1 KOJIICHOI Mmapw 3 He3ale)kKHUM o0epTaHHAM Kodiic. Lle moB’s3aHo 3 HEOOXIAHICTIO IMiIBUIIEHHS IIBUAKOCTEH PyXy
PYXOMOTO CKJIaJy, IMiIBUIICHHIM MOKa3HUKIB O€3MeKH pyXy, a TaK0X IMOKPALICHHSIM KOM(OPTY NepeBe3eHHs maca-
KupiB. Meroauka. [l JOCATHEHHS ITOCTAaBIEHOT METH BUKOPUCTaHI METOAM MAaTEMAaTHYHOI'O MOJICIIOBaHHS JAUHA-
MIKH 3aJ1I3HUYHOTO PYXOMOTO CKJIaJly, @ TaKOK METOJIH JIHIHHOT anreOpu — JUIs OLIHKU CTIHKOCTI pO3B’sI3Ky CUCTe-
MM JIIHIHUX OAHOPIAHUX nudepeHiianbHuX piBHsIHb. Pe3yabraTu. s BupimenHs nocraBieHoi 3aaa4i Oyia no-
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OymoBaHa pO3paxyHKOBA CXeMa OJMHOYHOI KOJICHOI IapH 3 He3aleXXHUM oOepTaHHsM Kodjic. KomicHa mapa npea-
CTaBJIEHa €IMHAM TBEPJUM TUIOM, IIPOTE KOXHA 3 IBOCEH KOJIICHOI IMapy Mae€ JI0JIaTKOBI cTyneHi cBoboan. Takum
YMHOM, OTpHUMAalK cucTeMy 3 4 cryneHsMu cBoboan. Ha oCHOBI po3paxyHKOBOI cxemu Oyja OTpMMaHa CHCTEMa
TMHIHHAX OTHOPITHUX MU(EPEHITIaTbHUX PIBHSAHB, IO OMKCY€E KOMUBAHHA MIPECTaBICHOI KOJICHOI ITapH B TOPU30H-
TaNBHIN TUTOIIMHI Ha MPAMIiH OUIAHII TUIsixy. 3 BukopuctanHs EOM Oynu o04rcieHi BIacHi yiciia MaTpHi Koedi-
Ii€HTIB cucTeMH AW(EepeHIifHNX PIBHSIHP 1 BUKOHAHMH aHANi3 aCHMIOTOTHYHOI CTIHKOCTI pyXy KOJICHOI Mapw
3 HE3aJISKHUM 00EepPTaHHAM KOJIic. [HKpeMEeHT 1 4acTOTy KOJMBAaHb IMOPIBHIOBAIM 3 aHAIOTIYHUMH TTOKa3HUKAMU JIJIS
TUIOBOI KOMICHOT mapu. Takox po3risHYyTI HEKOJIMBaJbHI (POPMHU PyXy KOJICHOI MapH 1 MUTaHHS CaMOCTIHHOTO
LEHTPYBaHHs KOIicHOT apu B koiiii. HaykoBa HoBu3Ha. Po3po0iieHa MaTeMaTuiHa MOJIEIb 3BUBHCTOTO PyXY OJH-
HOYHOI KOJIICHOT Mapu B IJIOCKiH MOCTAHOBII 3a7a4i 3 HE3aJIC)KHUM 00EpTaHHSIM KOJIIC i BUKOHAHA OI[IHKA TUHAMIY-
HUX XapaKTepPUCTUK TpH pyci 1 Mo mnpsMid auisHOi 1uisaxy Oe3 HepiBHocTeidl. Takoxk po3risiHyTi criocoOu
3a0e3MevyeHHsT CaMOCTIMHOrO IIEHTPYBaHHS B KOJIi KOJNICHOI Mapu 3 HE3aIeKHHMM OO0EpTaHHSM KOJIiC.
IMpakTHyna 3HaYnMicTb. Po3pobieHa aBTopaMy MareMaTHYHa MOJIENb PYXY OJMHOYHOI KOJIICHOI Iapy 3 He3aje-
JKHUM OOEpTaHHSAM KOJIIC MOKe OyTH BUKOPHCTaHA IPH CTBOPEHHI NMEPCHEKTUBHUX KOHCTPYKIIH XOJIOBUX YaCTHH
BaroHis.

Kniouosi crnoea: xonicHa mapa; 3BUBHCTHH PyX; 3a/IeKHE 00CpTaHHs KOJIIC; TOPU30HTAIBHI KOJIMBAHHS, PyXOMHH
CKJIAJl, CTIHKICTh pyXy
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MATEMATHUYECKASI MOJEJIb KOJJEBAHUN KOJIECHOM ITAPBI
C HE3ABUCHUMBIM BPAIIEHUEM KOJIEC
B TOPU30HTAJIBHOH IIJIOCKOCTH

Hean. PaboTa nocesimeHa ucciaeqOBaHUIO TOPU30OHTAIBHBIX KOJIEOAHMH M OIEHKE YCTOHYMBOCTH JBHMKEHUS
OIMHOYHOHM KOJECHOM Mapbl ¢ HE3aBUCHMBIM BPALEHHEM KOJIEC, 4 TAKIKE CPABHEHUIO NOKA3aTeNell yCTOWYMBOCTH
THITOBON KOJIECHOM Hapbl M KOJECHOM Mapbl C HE3aBUCHUMBIM BPAIIEHHEM KOJIeC. DTO CBS3aHO C HEOOXOIMMOCTHIO
TIOBBIMICHUS] CKOPOCTEH ABI)KEHHS ITOJBIKHOTO COCTaBa, YBEJIMUYCHHEM IIOKa3aTesiell 0e30MacHOCTH JBMKEHHS,
a TaoKe yIydlIeHHeM KoM(opTa NepeBO3KH MmaccaxupoB. MeToauka. [ DOCTHXKEHHs IOCTaBJISHHOH LelH Hc-
MOJIb30BAHBI METOJbl MATEMaTHYECKOTO MOJEIUPOBAHMA JUHAMUKHU SKENE3HOMOPOKHOTO MOJBUKHOIO COCTaBa,
a TaKXKe METOJbl JIMHEHHON anreOpbl — Ui OLEHKM YCTOHYMBOCTU PEIICHUS CHCTEMBI JIMHEHHBIX OJHOPOIHBIX
mddepenumanpHpIx ypaBHeHuid. PesyabTaTsl. [l pelieHus nocTaBieHHOH 3a1auu ObUIa IOCTPOSHA pacueTHas
cxeMa OJMHOYHOM KOJECHOW Mapbl ¢ HE3aBUCHUMBIM BpalleHueMm kojec. KosecHas mapa npejcTaBiieHa €IUHBIM
TBEPJBIM TEJIOM, KaXJ1asi U3 TI0JIyoCcel KOJIEeCHOI Mapbl UMEET JOIOIHUTENbHbIE cTerneHn cBo0oabl. Takum oOpazom,
MOJIy4WIIN cucTeMy c 4 creneHsMu cBoOoxbsl. Ha ocHOBe pacueTHON cxeMbl Oblla TMOJIydeHa CHCTeMa JIMHEHHBIX
OJTHOPOJHBIX An(PepeHINaIbHBIX YPaBHEHUH, OMUCHIBAIONIAsl KoJIeOaHUs TPEICTABICHHON KOJIECHOW Haphl B Io-
PH30HTAIBHON IUIOCKOCTH Ha NMpsMoM ydacTke myTH. C mucnonb3oBaHueM DBM BerMHCIEHBI COOCTBEHHBIE YHCIIA
MaTpuibl K03 HUIeHToB cucteMs! quddepeHnnanbHbIX ypaBHEHUH W BBINOJIHEH aHAIN3 aCHMITOTHYECKOH yc-
TOWYHMBOCTH JBIDKEHHUS! KOJECHOH Maphbl ¢ HE3aBUCHMBIM BpalleHHEM Koiiec. VIHKpeMeHT M 4JacToTy KojeOaHMi
CPaBHHMBAIM C AaHAJIOTHYHBIMH ITOKA3aTENSIMH Ul THIIOBOM KOJIECHOM maphl. Takyke pacCMOTpPEHbI HEKOJeOaTemb-
Hble ()OPMBI JABMKEHUS KOJIECHOHM Mapbl M BOIPOCH CAMOCTOSTENHHOIO LIEHTPHPOBAHUS KOJECHOW Iaphl B KoJee.
Hayunas HoBu3Ha. [lo pesynpraTam paboTsl paspaboTaHa MaTeMaTH4ecKast MOAEIb U3BUINCTOTO JABM)KEHHS OfU-
HOYHOH KOJIECHOH Iapbl B IJIOCKOM ITOCTAHOBKE 33Ja4M C HE3aBUCHMBIM BpAIlEHUEM KOJIEC M BBINOJIHEHA OLICHKA
JUHAMUYECKHX IOKa3aTeNnel MpU ee JBIDKEHUU 110 MPSIMOMY yYacTKy IyTH 0e3 HepoBHOCTEH. Taxke pacCMOTPEHbI
CIOCOOBI 00ecTeYeH s CaMOCTOSTENBHOTO [ICHTPUPOBaHKS B KOJiee KOJIECHOW Iapbl C HE3aBUCHMBIM BpallleHHEM
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kosiec. [IpakTnyeckasi 3HAYUMOCTh. PazpaboTaHHasi aBTOpaMH MaTeMaTH4ecKas MOAETh IBIDKCHHS OJUHOYHOM
KOJICCHOW TIaphl C HE3aBHCHUMBIM BpAIICHHEM KOJIEC MOXET OBITh HCIOJIB30BaHA IMPH CO3JaHUM IEPCICKTUBHBIX
KOHCTPYKIIUH XOJIOBBIX YaCTCH BarOHOB.

Kiurouesvie crosa: xonecHas mapa; U3BIIMCTOC JBIDKEHIE; 3aBICHMOE BpAIllEHHUE KOJIeC; TOPH30HTAIBHBIE KOJIe-
0aHWs; TOIBIKHON COCTAB; YCTOHYNBOCTD IBHKCHUS
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CHUKEHUE YPOBHSI KOPPO3UMOHHOM OMMACHOCTH
IMPU PAIIUOHAJIBHOM KOHCTPYUPOBAHUH
METAJJOKOHCTPYKIUI

Henn. Hayunas craTest mocBsieHa pa3paboTke MPHHIUIIOB poOacTHOTro (YCTOMYHUBOrO) MPOSKTHPOBAHUS IIPU
00OCHOBaHMM KOHCTPYKTHBHBIX DPEIICHHH NEPBUYHOW M BTOPHYHOW 3aIIUTHl METAIIOKOHCTPYKLHMH HAa OCHOBE
YIpaBieHUS] yPOBHEM KOPPO3HOHHOHN ONACHOCTH CTPOUTENBHBIX OOBEKTOB, KOHCTPYKTHBHOW IPHCIOCOOJICHHOCTH,
TEXHOJIOTUYECKOW PallMOHAIBHOCTH IIPH SKCIUTYaTAllUU B YCIOBHAX BO3JAEHCTBHSA KOPPO3HOHHO-arPECCUBHBIX CPELL.
MeToanka. ABTOpaMH OBUTH HCIIOJIB30BAHBl M Pa3BUTHI PACUETHBIE METOABI OLIEHKH HAJECKHOCTH U KOHCTPYKTHB-
HOM Oe3omacHOCTH. B ocHOBE METOIOB — MOCTpOeHHE MH(POPMALMOHHO-aHATUTHYECKON 0a3bl JAHHBIX ONPEACIIH-
TCJIBHBIX MapaMETPOB KOPPO3HOHHOTO COCTOSAHUA CTPOUTEIIbHBIX MeTaJ'lJ'lOKOHCprKIJ,I/lﬁ U1 COBEPIICHCTBOBAHUA
U KOHTpOJII MEp IEPBUYHOM M BTOPUYHOM 3amuThl OT KOoppo3uu. Pedyiawrartbl. IlpeanosxeHa ocHoBa s
MOCTAHOBKM M peayM3alliK 33/1a4 YIpPaBICHHs OSKCIUTyaTallMOHHBIM CPOKOM CITYXObl 3JaHHH M COOpYKEHHH
B KOPpO3UOHHBIX cpemax. OHa JocTuraercss IMyTeM IOBBIIICHHS KauecTBa U HAJEXKHOCTU Mep MEPBUYHOU
U BTOPUYHOM 3alUThl METAJUIOKOHCTPYKLUII C Yy4eTOM YpOBHS KOPPO3MOHHOM OMNACHOCTU IO YIPABICHUIO
TEXHOJOTUYECKOH Oe30MacHOCThI0 B TEYCHHE YCTAHOBJIEHHOTO CpOKa CIY)XXOBl CTPOMTENBHBIX OOBEKTOB.
Hayuynasi HoBHM3Ha. Pa3paboTaHbl NPUHIMIBI POOACTHOTO IPOSKTHPOBAHUS HPOTHBOKOPPO3MOHHON 3aIWTHI
C  ydY4eTOM  YCTAaHOBJIECHHOH  HAIEKHOCTM WM  KOHCTPYKTHBHOH  0O€30MacHOCTHM  KOMOWHHPOBaHHBIX
METAJUIOKOHCTPYKIMH B YCIOBUSX KOPPO3HMOHHO-AKTHBHBIX CPEJl HA OCHOBE METOAMKH IMPEAECIBHBIX COCTOSHHM
KOHCTPYKIH# (C Y4eTOM YpOBHsI KOPPO3HOHHOM OIMACHOCTH). VICIOib30BaH pPacyeTHO-U3MEPHUTENBHBIA METOJ
MOATBEPKICHNUS COOTBETCTBUSI MEpP KOPPO3HOHHOM 3aIUIICHHOCTH JUIl PE3EPBUPOBaHHA pabOTOCIOCOOHOCTH
U 3aJaHusi CPOKOB CIyXObl KOMOMHHMPOBAHHBIX METAJUIOKOHCTPYKIMH M WX 3alUTHBIX IOKPBITHH.
IpakTHyeckass 3HaUnMoOCTh. Pa3paborana MeTosnka 00OCHOBaHMSI MPOEKTHBIX PELICHUH M MOJITBEPXKACHHUS HX
COOTBETCTBUSI 110 NMpPU3HAKAM KOPPO3HOHHOW OMACHOCTH CTPOUTEIBHBIX OOBEKTOB. Peann30BaHbl TEXHHUYECKUE
pelieHus], 00eceyBaIONINE CHIDKCHNE YPOBHS PUCKOB aBapUHHBIX CUTYalUH.

Kniouesvie cnoga. MeTaluInuecKue KOHCTPYKIMH; KUBYUYECTh; MPOLECCHBIN MOIX0]; 0OeclieueHre HaJeXHOCTH,
pobacTHOE IPOEKTHPOBAHKE; YPOBEHb KOPPO3UOHHOM OMAacCHOCTH

Beenenue u nonucrupona [1, 2]. Kak nokassiBaeT npakTHka,
UCIIOJIB30BaHUE COTOBOI'O IIOJIMKApOOHATa, IOJH-
BUHWIXJIOPUIHBIX Tpoduiel, MeTalIonIacToB
B NpaKTUKE JIu3aiiHa, MPOEKTHUPOBAHMs, M3TOTOB-
JEHWS W DOKCIUTyaTalld KOHCTPYKLMH CO34aeT
IPEANOChUIKA BHEAPEHUS BBIPA3UTENBHBIX apXu-
TEKTYPHBIX PEIICHUH C Y4eTOM (yHKIHOHAIHLHOTO

B HacTosiiiee BpeMsi B CTPOUTENIBHOM OTpaciiu
HaOJIOMaeTCS OMPEICIICHHBI POCT TPUMCHCHHUS
KOMOMHUPOBAaHHBIX KOHCTPYKIUH, B KOTOPBIX OT-
paXkIaroIIre dIeMEHTHI BBITIOJTHEHBI 3 KOHCTPYK-
IIMOHHBIX TUTACTUKOB M TUIACTMAcCC, C yCIIEXOM 3a-
MEHHUBIIIME MaTEepHAaIIbl U3 MOTUMETHIMETaKpuiIaTa
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HA3HAYEHUSI COOPYKEHUH TPH OJHOBPEMEHHOM
CHIDKEHHUH METaJNIOEMKOCTH, MOBBIIICHUH HaJleX-
HOCTH U JIOJITOBEYHOCTH, YBEJIMYEHUH pecypca Ipu
SKCIUTyaTallid B YCIIOBHSIX HEOIArompHsATHBIX BO3-
JIEUCTBUI BHEIIHUX CPEJl 3@ CUET CHUKEHHUS YPOBHS
KOPpO3HOHHO#T onacHoctH [2, 3, 4, 5, 10, 14].

AHanmu3 cocTosiHUS TpoOIeMbl oOecTieueHus
KadecTBa M HAJEKHOCTH Mep NEepBUYHONH WU BTO-
pUYHOM 3alllUThl METAIIOKOHCTPYKUHUM CBUE-
TENbCTBYET O BO3MOXHOCTH TPOJUIEHUS pecypca
KOHCTPYKIIMI 3a CcYeT KOMOWHHUPOBAHHOTO WC-
MOJIB30BAHUS 3JIEMEHTOB M3 CTAJU M TOJIMMEpPOB,
9T0 00yCIaBIMBAETCS MOBBIILICHHON KOPPO3WOH-
HOW CTOHWKOCTBIO COOTBETCTBYIOIIMX MaTEpUAIIOB
C OIHOBPEMEHHBIM pPaIMOHAIBFHBIM KOHCTPYHPO-
BaHHEM, pPa3pabOTKOIl U UCIOIB30BAaHNUEM BhIpa3u-
TEJIbHBIX APXUTEKTYPHBIX (GOPM U OOBEMHO-
IIaHUPOBOYHBIX pemenuii [6, 7, 21].

N3yuenue KOppO3UOHHOW CTOMKOCTH Marepua-
JIOB M 3JIEMEHTOB CTPYKTYPHBIX OJIOKOB, 3aIlIUTHO-
TO TMPOTUBOKOPPO3HOHHOTO TIOKPHITHS C Y4ETOM
HanOosiee HEOJArONPHUATHOTO COYETAHHUS BO3ZCH-
CTBHI paccMOTpeHbI B paborax [6, 8], rae Bbimo:-
HEH pacyeT CpPOKa CIYXObl KOHCTPYKIUH IO pe-
3yJbTaTaM KOHTPOJII KOPPO3HOHHOTO COCTOSHUS
B TepHoA 0OCIIeIOBaHUsI M HA OCHOBaHHHU JKCIIe-
PUMCHTAJIBHBIX JaHHBIX MOJCIUPOBAaHUS (PHU3HKO-
XHMHYECKUX BO3JIEUCTBUNA CpPE/Ibl KCILTyaTalUu.

Hean

HccnenoBannss HampaBieHbl Ha oOecredeHue
KauyecTBa M HAJEKHOCTH MEP MEPBHYHON M BTO-
PHYHON 3al[UThl METaUIOKOHCTPYKITHH, COBEp-
MIEHCTBOBAaHWE KOHCTPYKTHBHBIX PEIIEHHH, pac-
[IUpEHHEe 00JIaCTH MPUMEHEHHS CTAIbHBIX Iepe-
KPECTHO-CTPEKHEBBIX CHCTEM M3 TPyOUaThIX diie-
MEHTOB HAa  OCHOBAaHHH  PaCUYETHO-IKCIIEPH-
MEHTAIBHOW OIICHKE MOKasaTegeld KOPPO3HOHHOM
CTOMKOCTH U Aojaropeunoctu [7, 8].

MeTtoanka

Omnpenenenue MPOEKTHBIX MOKa3aTeNeil 10ro-
BEYHOCTH KOMOMHHPOBAHHBIX KOHCTPYKIIUI OCHO-
BaHO Ha pa3pabOTaHHOW MeTOoauKe ydera Kodddu-
IMUCHTOB HAJACKHOCTU U T'OTOBHOCTH ITPOTHUBOKOP-
PO3MOHHOM 3alIUTHl YCTAHOBIEHHBIX IO Pe3yJIbTa-
TaM JSKCIEPUMEHTAIFHBIX WCCIIEOBAaHUN OTpene-
JSIIOIIMX TIOKa3aTeleil KOPPO3UOHHOW CTOHMKOCTH
NEPBUYHON W BTOPHYHOHN 3aIIUTHI IPU OMpPEAeIH-
TENBHBIX (YCKOPEHHBIX WJIM CTCHAOBBIX) HCIBITA-

HUAX (PparMeHTOB-00pa3IOB C 3AIIUTHBEIMH II0-
KPBITUSMH COTJIACHO KJIACCU(UKAIIMOHHBIM TIPHU-
3HaKaM KOppo3uoHHbIX cpex [9, 10, 11].

[{enb0 BBIMOTHICMBIX OMPEACTUTENBHBIX HC-
MBITAHAA SBIISIETCS ompeneicHue KodddumuenTa
TOTOBHOCTH MeTaJ]HOKOHCprKHI/Iﬁ U UX 3alllUTHBIX
NOKpBITHI. KO3 pUIMEHT rOTOBHOCTH CTaNBHBIX

KOHCTPYKITHI (Kg) SBIISIETCSI KOMIUIEKCHBIM T10-

Ka3aTeleM PEeMOHTONPUTOTHOCTH, XapaKTepHu3y-
IONIUM TapaMeTpbl KOHCTPYKTUBHBIX U TEXHOJIO-
TUYECKUX MEp MEPBUYHON U BTOPUYHOM 3aIlIUTHI:

_ T,
T, 40T,

rae Ty, — CPOK CiyKObI (JIET) CTANLHBIX KOMOMHH-

POBaHHBIX KOHCTPYKLHUH MO IMOKA3aTe0 KOPpo3u-
OHHO¥ CTOWKOCTH (MepBUYHAS 3aIIUTA); T, — pac-

YETHBIN CPOK CIIy>KOBI (JI€T) 3alUTHBIX TOKPHITUI
¢ IoBepuTeNbHOM BepositHOCThIO Y =0,95 mo pe-

3yJIbTaTaM YCKOPEHHBIX HCHBITAHWI; N — KoJHue-
CTBO PEMOHTHBIX ITUKJIIOB BOCCTaHOBJIICHUSI MPOTHU-
BOKOPPO3WOHHOW 3aIllUTHl TPH YCTAHOBJICHHOM
CpOKe CITy>KObI 00BEKTA.

OcHoBHOUM Matepuan u pe3ynbrarbl. C IeNbIo
peleHus 3aJauu OLeHKH Kod(dduimenta roToBHO-
CTH METAJUTOKOHCTPYKIUH M UX 3aIIUTHBIX MOKPHI-
THI Ha OCHOBE OMNpPEICIUTEIbHBIX (YCKOPEHHBIX,
CTEHJIOBBIX M HATYPHBIX) UCIIBITAHUI BBITIOJHEHBI
uccienoBanust [12, 13, 16]. N3sydenue pexuma
OKCIUTyaTaluu ¥ (aKTOpPOB, ONPEAEIAIOMNX 3a-
HIMTHBIE CBOMCTBAa MPOTHBOKOPPO3MOHHBIX TIO-
KPBITHH B arpeCCHBHBIX Cpejax, MO3BOJIMIIO ycTa-
HOBUTH OCHOBHBIE NPHYMHBI, Hapymaomme pado-
TOCTIOCOOHOCTH TTOKPBITUI KOHCTPYKLIUH:

— TIpoLEecChl COPOLIUH U TIEPEeHOCa arpPeCCUBHON
Cpenbl ¥ MPOIYKTOB KOPPO3UH Yepe3 MOKPHITHUE;

— pacTpecKMBaHHE MOKPHITUS HOA IEHCTBHEM
MEXaHMYECKUX HaNpsDKeHWH W arpeccUBHOM cpe-
IIoH

— XMMHYECKasl IECTPYKIHS MaTepHaia IOKpPbI-
THUS B arPECCUBHBIX Cpelax;

— TMpoLeccHl aacopOLUK U CMAauWBaHUA Ha rpa-
HHUIIE METaJUI-TIOKPBITHE, HapyIIAIOIINe aare3Hio
MOKPBITHS K METAJLTY;

— TMpouecchl KOPPO3UH MeTajia MoJ MOKPHITH-
eM.

VYauTeiBas 3aKOHOMEPHOCTH pa3pylLIeHHs MO-
KPBITHH B arpecCHBHBIX Cpe/iaX, CPOK CIyKOBI 3a-
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IIUTHBIX TIOKPBITHI JUIA yCTaHOBICHHBIX KPUTEPH-
€B OTKa3a BBIPAKACTCS CIEAYIOUIMMH 3aBHCHMO-
CTSIMH:

— JUIS HepBUYHON cHcTeMs! 3amuThI (T, )

T, =t +t, +t, >,

)

— IIPU  BOCCTAHOBJIEHMH 3alllUTHBIX CBOMCTB
nokpeiThit (T,)

T, =t, +t,

rae t, — BpeMs IPOHMKHOBEHHS arpecCUBHOM cpe-

DIl 0 TIOBEPXHOCTH METajuia, roxm; t. — BpeMs OT

3
MOMEHTa TPOHWKHOBEHHUS arpecCHBHON Cpeabl K
MTOBEPXHOCTH JI0 Havaja KOppo3uH, JieT.

Cpok cy»ObI POTUBOKOPPO3HOHHON 3aIIUTHI
MPH PEMOHTHO-BOCCTAHOBHUTENBHBIX paboTax oIl-
penenseTcs Kak NMPOMEXYTOK BpEMEHH, HeoOXo-
JTUMBIN U TOCTHXKEHMs OTKa3a BOCCTaHOBJIEHHON
CHUCTEMBI 3aIIIHUTHI:

T =b-T,,

rae b — ko3 OUIMEHT U3MEHEHNS CPOKA CITYKOBI
BOCCTaHOBJIEHHOT'O ITIOKPBITHS IIPA PEMOHTE.
JlnarnHoctuka KOPPO3MOHHOTO COCTOSIHUS Me-
TAJTM3aIMOHHBIX MMOKPHITHI M OTIPEIeIeHHEe CPOKa
CITy>KOBI BBITIOIHSCTCS € IIOMOIIIBIO 3aBUCMOCTH:

— a, 'hO 1

T 210°°,

M K

rae a, — CTelneHb Pa3pylleHusl CyLIeCTBYIOIIETO

METAJUIMYCCKOI'0 IIOKPBITHS, hO — INPOCKTHasA TOJI-

W=70%

0.50(0)

IMMHA IIOKPBITHUS, MKM, tM — Cp€aHssd OTHOCUTECIIb-

Has JOJTOBEYHOCTh 1 MM METayUTM3AIMOHHOTO
TIOKPBITHS, T/M**MM.

PacueTHo-3KCIEpUMEHTaIbHAS OLICHKA MOKa3a-
TEJEeH ONTOBEYHOCTH 3ALIUTHBIX MOKPBITHI BbI-
MOJIHEHA Ha OCHOBE MOJICIIUPOBAaHUS (DU3UKO-
XUMUYECKUX BO3JCHCTBUU B MPOLECCE YCKOPEH-
HBIX UCIBITAHWNA 00pa3lloB M3 3aMKHYTHIX TpyOdUa-
THIX MPOdUICH ¢ 3aUUTHBIMU OKPBITHSIMH, PEJI-
HA3HAYEHHBIMH JJIS1 JOJITOBPEMEHHOM 3aIUTHl OT
Kopposuu (puc. 1).

Br16op cucTeM 3aniuTHBIX TOKPBITHN BKITIOYAI
aHaliM3 T[0Ka3aTejied TEXHOJIOTMYECKOW paluo-

HaJIbHOCTH HPOTUBOKOPPO3MOHHOH 3ammuThl B,

MIPH U3TOTOBIIEHUN COOPHO-Pa300PHBIX TPYOUIATHIX
KOHCTPYKIU.

PaccmoTpensl  00beMHO-TUTAHUPOBOYHBIE  pe-
IEHUSI KOHCTPYKIMU MOKPBITUH MPOCTPAHCTBEH-
Ho-cTepkHeBoit cuctembl (IICC) ¢ paspexeHHON
CXEMOH pAacHojOKeHUs] TPEXTPaHHBIX, IIOCKUX
dbepM 1 1OOOPHBIX AIEMEHTOB Ha MPUMEpPEe KOHCT-
PYKTUBHOI'O PELICHUs CUCTEMBI «KpucTain» MHO-
TOIIEJIeBOr0 Ha3HaueHus (puc. 2).

CpaBHHUTENbHAS OIIEHKA 3aIllUTHBIX CBOMCTB
U 000cHOBaHUE KO3()(PUIIMEHTOB HAJEKHOCTH 7,,

NpOM3BENEHBI ISl MOKPHITUH, 00pa30BaHHBIX MPH
JJIEKTPOXUMHUYECKOM LMHKOBaHUH, AupPy3uon-
HOM HAHECEHHWM B pAcIlIaBe LWHKA, LIUHKIIOJIH-
MEPHBIX U KOMOMHHPOBAHHBIX MOKPBITHHA.

0.50(1)

Puc. 1. O60011eHHbIE MOZIETH KOPPO3HOHHBIX BO3/IEHCTBHIA

Fig. 1. Generalized model of corrosion effects
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Puc. 2. KoHcTpykTHBHOE penienne cucreMbl «Kpucramm:
a — KOMIIOHOBOYHBIE PEUICHUS KOHCTPYKIMHA MOKPBITHH MEPEKPECTHO-CTEPKHEBBIX CUCTEM; 6 — OJIOK TPEXTPaHHON CEKLIUHI
(hopMooOpazyroIIero AeMeHTa

Fig. 2. The design of the system «Crystal»:
a — layout designs of coatings cross-rod systems; b — block triangular sections forming element

Pe3yabTarni

Pe3ynprarsl ucnplTaHUi CHCTEM IPOTUBOKOPPO-
3MOHHBIX TOKPBITHA, 00ECIEUNBAIOIINX JOJITOBPE-
MEHHYI0 3allUTy KOHCTPYKTHUBHBIX 3JIEMEHTOB
cOOpHO-Pa30OPHBIX ~ TPYOYATBIX  KOHCTPYKIIWH,
npezcTaBieHsl B Tabm. 1. Peanmmsanus anropurtMa

ONpENIENICHHs MOKa3aTeNel rapaHTUPOBAHHOM 1071
TOBEYHOCTU C Y4eTOM KO3()(PUIMEHTOB HaJEKHO-
CTH NIEPBUYHON Y, W BTOPHYHOU 7,, 3aILUTHI CBA-
3aHa C PACYETHO-DKCIIEPHMEHTAIBFHBIM OOOCHOBA-
HHMEM OTHOILECHUS Pe3epBa HAIEKHOCTH ISl CUCTEM
HPOCTPAHCTBEHHBIX TPYOUATHIX KOHCTPYKIIHA.

Tabnuma 1
Pe3ynbTaThl HCNBITAHUI CHCTEM NPOTHBOKOPPO3HOHHBIX MOKPLITHIA
Table 1
Test results of anticorrosive coating systems
Ne CxeMa KOHCTPYKTHBHOTO dJIe- I'pymna cpencts | rioxasa- Cpor catyGbt KonTponbHbrit
u/n mesra (oGpasia) U METOJIOB 3a- Tens B, noKpeITHA T, HOPMaTHB Kp T Yo
ITATBI JIeT
1 I'opsyee unHKOBaHUE CKC3 37 50 45,3 0,90
2 DICKTPOXUMHUYCCKHE I10- CKC3 31 50 468 0,95
KpBITUSA
3 DICKTPOXUMHUYCCKHE I10-
kpbrtas + JIKTT CKC4 2,5 50 132,6 0,99
4 IT_}/Ip;HKononHMepHme TIOKPBI- CKC4 43 50 156.0 0,99
5 [TopoikoBsie MOKPBITHS CKC5 5,0 50 2418 0,95
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HayuyHnasi HOBU3HA U IPaKTHYecKast
3HAYUMOCTh

OCHOBHOH LENBI0 MPOBEACHUS OMpPeNeINTEINb-
HBIX MCIBITAaHUN SIBJISIETCS ONPENENICHUE METOA0M
9KCIIEPUMEHTAIBHOTO MCCIEIOBAHMS (PAKTUIECKOH
HecyIlied crocoOHOCTH U JIe(OPMATUBHOCTH KOH-
CTPYKIMHU NMPOCTPAHCTBEHHOH (hepMbl ¢ My(PTOBBI-
MH COOPHO-Pa30OPHBIMH COCTMHEHHUSIMH C TIOCTIE-
OYIOIIAM HCIIOIB30BAHUEM TMOJMYUYEHHBIX Pe3yIIb-
TaTOB /IJIsl €€ COBEPIICHCTBOBAHNSI.

CuioBble HCHBITAHUS Ui TIPOBEPKH d(dek-
TUBHOCTH TPUHIMIIOB (OPMOOOpPA30BAHUS TPH
MEJIKOCEPHITHOM MIPOU3BOJICTBE cOopHo-
pa30opHBIX TPyOUaTHIX KOHCTPYKLMH € rapaHTu-
POBaHHOHM IONTOBEYHOCTBHIO NPOBEAEHBI C LETBIO:
9KCIEPUMEHTATBHOTO HM3YYCHHUS] JKCILTyaTallloH-
HBIX CBOWMCTB KOHCTPYKLMH NPH MpEeNbHBIX 3Ha-
YEHUSAX HArpy’>KeHUs, BbLIBJICHHUS 3JICMEHTOB,
B KOTOPBIX IIPM MaKCHUMAJIbHON KOHTPOJIBHOM Ha-
rpy3Ke MpOSBISIOTCS MPU3HAKU TMPEIENIbHBIX CO-
CTOSIHWH; oOlpelenieHne (HakTHIECKOH Hecymei
CIIOCOOHOCTH KOHCTPYKLMH M XapakTepa paspy-
menust (puc. 3). KomriekcHasi OlieHKa rokasare-
Jiell TEXHOJIOTMYECKOW pallMOHaJIbHOCTH BHIOpaH-
HOT'O BHJAa KOHCTPYKIHOHHOTO HOJMMEpa Ha cTa-
MM TIPOSKTHUPOBAHUS CBsi3aHa C pa3pabOTKOW Ha-
Y4HO 000CHOBaHHBIX METO/I0B OLICHKH
JOJTOBEYHOCTH KOHCTPYKIMOHHOTO COTOILIACTA,
a Tak)Ke HOPMATHUBHBIX JIOKYMEHTOB, PETJIAMCHTH-
PYIOLIMX TpaBWja TEXHUYECKOW OJKCILTyaTaluu
[10, 18].

Pemaromee 3HadeHne mpu ydere TpeOOBaHWI
TEXHOJIOTHYECKOW PAIMOHAIBHOCTH OKa3bIBAIOT

pe3yJIbTaThl CTEHIOBBIX (HATYPHBIX) HCIBITAHUIA,
IJIe YYUTBIBAIOTCS YCIIOBHS arMoc(hepHOro crape-
HUSI, IS0 KOTOPBIX MpeoOnagaroliee BIUSHUE OKa-
3bIBAaET ANEepPHOANYECKHN XapaKTep TEXHOJIOTHYe-
CKHX BBIJCTICHUH cpesl, (OPMUPYIONIUX IOKa3a-
TEJIN arpeCCUBHOCTH YCIIOBHI 3KCILTyaTaIUH.

CTpouTenbHble  MaTepHallbl, IMPUMEHSEMBIC
B KOMOWHHMPOBAHHBIX OTPaXKIAIOMINX IAHEIsX,
00OpyZIOBaHWE M OCHACTKA JUISI UX H3TOTOBJICHUS
Ha aBTOMATU3MPOBAHHBIX IOTOYHBIX JIMHHUSIX
B LIMPOKOM ACCOPTUMEHTE IpeJIararoTcsi 3apy-
OCKHBIMH KOMIIAHUSIMH M OTEYECTBEHHBIMH IPO-
u3BoauTeasiMu [17]. OcHOBHbBIC MOKa3aTenu TeX-
HOJIOTHYHOCTH ~ KOHCTPYKLIMOHHBIX  IOJHMEPOB
KOMOWHHPOBAHHBIX OTPAXKIAIONINX KOHCTPYKIHH
NPUBE/ICHBI B Ta0I. 2.

OrweHka moKa3arelieil JoJITOBEYHOCTH U TEXHO-
JIOTUYHOCTH 3JIEMEHTOB OTPAXKIAIOIINX KOHCTPYK-
U1 BHIITOJTHEHA Ha OCHOBE KOMIUIEKCHOTO TOJIXO0-
JIa, pa3paboTaHHOTO B HAayYHO-HCIBITATEIHHOM
naboparopun  «AnTHKOp-HoH» OO0 «VYKpun-
cranpkod uM. B.H. IIIlumanoBckoro», KOTOpPbIH
o0ecrieunBaeT peanu3aluio CIEAYIONIUX ATaIoB:
30HUPOBAaHHE M CHCTEMATH3ALUI0 COCTaBa U KOH-
CTPYKLMI arpecCUBHBIX BO3ACHCTBUI Ha 3JEMEH-
Thl KOHCTPYKIIMH; aHalW3 BapUaHTOB KOHCTPYK-
THBHBIX CXeM KOMOMHHPOBAHHBIX OTPaKIAIOIINX
KOHCTPYKIMH, KOJMYECTBEHHYIO OIIEHKY IOKa3a-
Tesed TONTOBEYHOCTH KOHCTPYKIIMOHHBIX TUIACTHU-
KOB; CPaBHUTENLHBIN aHAIN3 AOJTOBEYHOCTH KOH-
CTPYKTUBHBIX (hopm [6].

_I'I
|11

Puc. 3. [IpocTpaHCTBEHHBIN OJIOK:
a— 06IHHﬁ BU ITPU TTPOBEACHUN PICHI:ITaHPIﬁ; 6 — cxema TPUIIOKECHUS ySHOBOﬁ Harpys3ku

Fig. 3. Dimensional block:
a — General view during testing; b — scheme of application of the nodal load
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Tabauna 2
TexXHOJOTHYHOCTh KOHCTPYKIIMOHHBIX MOJHMEPOB
KOMOMHHPOBAHHBIX OTPAXKAAIINHNX KOHCTPYKIUIH
Table 2
Technological of engineering polymers for combined walling
®parMeHT KOHCTPYKTUBHOIO PEIICHUS Tloka3aTenb TeXHOJIOIHYHOCTH (JIeT) OO6mas xapak-
TEPUCTHKA JOTI-
CornpsixeHust TPOQUIIS U HECY- DJIEeMEHT COCTMHECHUS I-e npenensHOE Il-e mpenensHOE FOBEUHOCTH,
Hleﬁ KOHCTPYKINH IJIaCTUH COCTOSAHHUEC COCTOAHHUEC JIeT.
=
<>~ 12-15 7-10 19-25
@ 10-11 5-7 15-18
[ = - 2
1T 6-9 3-5 9-14

BoiBoabI

[MpakTH4yeckoe TpHMEHEHHe pPa3pabdoOTOK OCy-
IIECTBJICHO MNPH peaH3aliH KOHCTPYKLIHUH Ipo-
CTPaHCTBEHHOTO OJI0Ka B KayecTBE CBETONpPO3pau-
Horo mokpbiTus [19]. TlpocTpaHCTBEHHBIH OJI0K
HOKPBITUSL COCTOHUT M3 (pepM TpeyroibHOTO oYep-
TaHHs, COCTUHEHHBIX B KOHBKOBOM W OIIOPHBIX
y3/1ax MNpPOrOHaMH, Ha KOTOpBIC YKJIaIbIBAIOTCS
HOJIMMEPHBIE TITACTHHBI.

OcCHOBHBIC HeCyIIMe KOHCTPYKIuHU (hepmsbl,
NPOTOHBI, IINPEHIENIb U PACKOCHI) BBIMOJIHECHBI U3
CTep)KHEH 3aMKHYTOTO KpYyTJoro npoguis, 4To
B CBOIO OYepeb IMOBBIIIAET KOPPO3HOHHYIO CTOM-
KOCTh KOHCTPYKTHBA; MPEANOJIaracT MOBBIIICHHS

a—a

YPOBHSI JI0JITOBEYHOCTH, YMEHBILICHUE METAJIOCM-
KOCTH KOHCTPYKIMH M 0Opa3oBaHUsI HOBBIX (OpM
KOHCTpyKItHii (puc. 4).

Vka3aHHble TPHHIMIBL  (HOPMOOOPa3OBAHUS
CBSI3aHBI C MCIIOJIb30BAHUEM METAIUIOIIACTHKOBBIX
npoduteld, MOTMMEPHBIX TIaHEIeH B Ka4eCTBE OT-
paxnaronmx KoHcTpykuuit [20].

[IpeanoxxeHHble pemeHns: 00eCIeYNBaOT CHU-
’KEHHe TTOoKa3aTeNeld KOHIEHTPAauh MeTajula, 4To
Opyd  Pa3BUTON TMOBEPXHOCTH KOHCTPYKTHBHBIX
SIIEMEHTOB OIpeJeNsieT HeoOXOAMMOCTh paspa-
00TKH 3()(HEeKTUBHBIX Mep MO0 00ECIEUCHUIO rapaH-
THPOBAHHOW JIOJTOBEYHOCTH KOHCTPYKIIMOHHBIX
TUIACTHUKOB.
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6—b

Puc. 4. KoHCTpYyKTHBHOE pellIeHHe [TPOCTPAHCTBEHHO-CTEPIKHEBOro OJIOKA!
@ — MOHTQ)XHBIH YKPYITHEHHBIH OJIOK, 6 — Y3JIbI CONPSDKEHUS dJIeMeHTOB: 1 — mycToTtenas nosycdepa;
2 — CTep)KHH-KOPOTHILIEHi; 3 — CTep)KHH OCHOBHBIE; 4 — OBAJILHOE OTBEPCTHE

Fig. 4. A constructive solution of space frame block:
a — enlarged mounting block, b — junctions: 1 — hollow semi-sphere; 2 — rods-short stacks; 3 — the main rods;4 — oval hole
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3HUKEHHS PIBHSI KOPO3IMHOI HEBE3IIEKH
ITPU PAIIOHAJIBHOMY KOHCTPYIOBAHHI
METAJOKOHCTPYKIIIN

Meta. HaykoBa cTaTTs pUCBAYEHA PO3POOIIi IPHHIMIIB pOOACTHOTO (CTAIOT0) MPOEKTYBAHHS TIPH OOTPYHTY-
BaHHI KOHCTPYKTHBHUX PIllIeHb HEPBUHHOTO Ta BTOPUHHOI'O 3aXHCTy METAJIOKOHCTPYKLIH HAa OCHOBI YIpaBIiHHSI
piBHEM Kopo3iifHOi HeOe3nekn OyniBenbHUX 00’ €KTIB, KOHCTPYKTUBHOI MPUCTOCOBAHOCTI, TEXHOJOTIYHOI paIlioHa-
JBHOCTI MIPY eKCIDIyaTalii B yMOBaxX BIUIMBY KOPO3iHO-arpecHBHUX cepenoBuml. MeToauka. ABTopaMu OyJH BU-
KOPHCTaHi Ta pO3BUHEHI PO3PaxXyHKOBI METOAM OIIHKM HAAIHHOCTI Ta KOHCTPYKTHBHOI Oe3meku. B ocHOBI MeToziB
— noOynoBa iHpopMmaniiHO-aHAITUYHOT 0a3M AHWX BH3HAYAIBHHX MapaMeTpiB KOPO3IHMHOrO CTaHy OyaAiBelbHHX
METAJIOKOHCTPYKIIN ISl BJIOCKOHAJICHHS Ta KOHTPOJIO 3aXOJiB MEPBUHHOIO Ta BTOPHMHHOTO 3aXHUCTY BiJ| KOPO3ii.
Pe3yabTaTn. 3anpornoHoBaHa OCHOBA JUIsl IOCTAHOBKY Ta peaiizallii 3aBAaHb YIpaBIiHHS €KCIUTyaTaliiiHUM TepMi-
HOM CITy)KOM OyJiBeNb 1 CIOpYX Y KOpPO3IMHHX CepeloBHUINAX. BoHA HOCATAETHCS MUIAXOM IiIBHUINEHHS SKOCTI
I HaiHOCTI 3aXO/iB MIEPBUHHOTO Ta BTOPHHHOIO 3aXHCTY METAJIOKOHCTPYKIIH i3 ypaxyBaHHSIM piBHs KOPO3iHHOT
HeOe3MeK 3 YIPaBIiHHS TEXHOJOTIYHOIO OE3MEKOI0 IMPOTArOM BCTAHOBJIEHOTO TEPMiHY CIIy:KOM OyniBENbHHK
00’extiB. HaykoBa HoBu3HA. Po3poOneHi mpwHIUNHM pOOACTHOTO TIPOEKTYBAHHS IMPOTHKOPO3IMHOTO 3aXHCTy
3 ypaxyBaHHSM BCTaHOBJIEHOI HaJIIHHOCTI Ta KOHCTPYKTHBHOI Oe3Nekn KOMOIHOBaHHX METATOKOHCTPYKIIH B yMO-
Bax KOPO3iMHO-aKTHMBHUX CEPEJIOBHUIN Ha OCHOBI METOAMKH TPAHUYHHUX CTaHIB KOHCTPYKILH (i3 ypaxyBaHHAM piBH
KOpO3iitHOi HeGe3mekn). BUKOPHCTaHO PO3paxyHKOBO-BUMIPIOBAIBLHIN METO/ MiATBEPLKCHHS BiMOBIMHOCTI 3aX0-
JIiB KOPO31I{HO1 3aXMIIEHOCTI IS Pe3epBYBAaHHS MpaIe3aTHOCTI Ta 3aBJaHHSA CTPOKIB CITy>KOM KOMOIHOBaHHMX KOHC-
TPYKLiH Ta iX 3axucHUX MOKpHUTTiB. IIpakTHyHa 3HaYuMicTh. Po3pobnena MeToanka oOTpyHTYBAaHHS MPOEKTHHIX
pillieHb Ta MiATBEPPKEHHS iX BiIIOBIIHOCTI 32 03HaKaMK KOpO3iiiHoi Hebe3neku OyaiBenbHUX 00’ exTiB. PeanizoBa-
Hi TeXHIYHI pillieHHs, 0 3a0e3Me4yI0Th 3HIKEHHS PiBHS PU3UKIB aBapiiiHUX CHUTYaLil.

Kmouosi crnoea. meranieBi KOHCTPYKII; YKUBYUICTh, MPOLCCHUNA MiAXia; 3a0e3neucHHs HAIIMHOCTI; poOacTHE
MIPOEKTYBaHHSI; PiBeHb KOPO3iHOI HeOe3eKkn
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THE DECREASE IN THE LEVEL OF CORROSION HAZARD
IN THE RATIONAL DESIGN OF METAL STRUCTURES

Purpose. The paper highlights development the principles of robust (sustainable) design in the constructive de-
cisions substantiation of the primary and secondary protection for steel structures based on the control of corrosion
risk level of construction projects, structural adaptation, and technological rationality when operating in conditions
of corrosive environments impact. Methodology. The computational methods for assessing the reliability and struc-
tural safety were used and developed by authors. In the base of methods there is a construction of information-
analytical databases attributive parameters on the corrosion state of metal construction for the improvement and con-
trol measures the primary and secondary corrosion protection. Findings. The basis was proposed for setting and
implementing management tasks exploitation service life of buildings and structures in corrosive environments. It
achieved by improving the quality and reliability of primary and secondary protection steel structures considering
corrosion level hazards management of process safety within a specified period of Builder-structures service.
Originality. The principles of robust design of corrosion protection, taking into account the established reliability
and constructive security with combined metal structures under corrosive environments based on the methodology
of limit states of structures (taking into account the level of danger of corrosion) were developed. The metering
method confirmation of conformity corrosion protection measures for reserving a workable and tasks of the service
life composite structures and their protective coatings was used. Practical value. The substantiation methodology of
the design solutions and assessment of their conformity upon corrosion risks indicators of construction projects was
developed. Technical solutions providing the level reduction of risk emergency situations were realized.

Keywords: metal construction; the durability; the process approach; ensuring reliability; robust design; corrosion
risk level
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EXPERIMENTAL STUDY OF HORIZONTAL PRESSURE
DISTRIBUTION ON CORRUGATED STEEL SILO WALLS

Purpose. The paper aims: 1) qualitative assessment of the nature of the container corrugated wall deformation
caused by the load from bulk materials. 2) determination of the horizontal pressure redistribution scheme for each
individual corrugation plate and the calculation method that is closer to the real situation. 3) obtaining the quantita-
tive deformation indicators to compare them with the calculated ones produced by means of mathematical model
simulation. Methodology. To achieve this purpose the different types of capacitive structure profiles were investi-
gated and the values of total vertical displacement under load were obtained. The computational experiment used the
design computer system Structure CAD for Windows. In addition, the laboratory experiment was conducted, the
analysis of which is important to confirm the correctness of pre-made computer models. Findings. The conducted
experiment allowed receiving the confirmation of the FEM calculated data, namely qualitatively and quantitatively
the deformation direction and nature completely repeated the design situation in SCAD. The work of corrugated
profile was analysed for different theoretically possible load schemes and different calculation methods. Also the
work contains the recommendations for the real calculation using computer simulation. During a joint study the au-
thors obtained the data that allow for more accurate assessment of the corrugated profile performance under the
pressure from bulk materials. Originality. The conducted research and experimental tests explain and clarify the
ways for possible redistribution of bulk material pressure on each corrugation plate, while there is no such informa-
tion in the existing recommendation literature and regulatory framework concerning the capacitive structure design.
Practical value. The use of the proposed solutions is useful for correct design of containers with corrugated walls
during further calculations and search of new directions for future research.

Keywords: silo; capacitive structure; silo wall; corrugated profile; experimental studies; deformations; computer
simulation

Introduction the USA and Canada and in this decade in Europe
[13].

Metal ventilated silos are deservedly consid-
ered as the most profitable for storage of grain
crops [10]. Prefabricated metal silos have the fol-
lowing advantages: they reduce the capital costs
during installation in two or three times and the
complexity of installation — in four-five times; al-
low mounting silos closer to the place of collection
and use of grain; make it possible to implement
a complete mechanization and automation of the
storage process [13]. Their construction and main-
tenance is cheaper, and the self-warming process
that occurs in the grain can be influenced through
effective aeration, ventilation and thermometry
systems. Abroad, the half of all granaries is metal
silos. Their number is slowly but surely growing in
Ukraine as well [4].

In Ukraine, the major portion of grain is stored
in state bulk reinforced concrete silos whose
equipment is morally and physically obsolete, that
results in reduced grain quality and throughput ef-
ficiency of elevators. At the same time the silos are
remote from grain manufacturers, while the grain
storage costs are very high and are about 25% of
the stored grain cost.

One of the most important ways to reduce loss-
es and improve product quality is to provide each
household with an own modern grain elevator.
Thus, in the agro developed countries up to 80% of
the crop is kept at its producer. Herewith the stor-
age towers are the most preferred in the world. The
technology of storing grain in the storage towers
equipped with active ventilation is widely used in
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The best containers in terms of design and sub-
sequent operation are rigid vertical capacities.
Mostly they consist of two parts: the top one with
vertical walls, designed to accumulate the neces-
sary stored supply of bulk material and the bottom
one with sloping walls designed to discharge the
material by gravity [1]. This type of silo is realized
in two versions of walls: profiled or smooth. Most
overseas silos are manufactured and operated with
corrugated steel wall plates [16]. For optimal stor-
age of bulk materials the best containers are those
with smooth walls in the bottom part and profiled
walls in the top part. This reduces the pressure at
the bottom of the silo and facilitates the discharge
flow due to the smooth wall section at the bottom
part. To the extent that the profiled wall itself is
very durable, it requires less steel, which also
makes this solution economic [15].

Purpose

To design a silo an engineer must determine all
loads that can affect it. These loads include the
whole range, namely, wind, seismic, snow load, as
well as the load on the silo inner surface caused by
pressure from the bulk material that is stored. Nu-
merous Eurocodes and national standards [6, 7]
determine the methods to calculate the latter load
[14]. However, the regular recurrence of silo struc-
ture accidents and damages indicate that the exist-
ing methods of calculation and design of such
structures do not include all the features of their
operation [3]. Still, one of the challenges to creat-
ing reliable and economic structures of this type is
the interaction of bulk material with corrugated
wall elements of the capacitive structure [8]. Un-
fortunately, the enacted DSTU-N B EN 1991-
4:2012 [6] has no information on how to properly
set the horizontal component of the pressure on the
profiled wall. And meanwhile the operating ex-
perience of these structures demonstrates the need
for improved methods of bulk material pressure
determination [2].

To solve this problem the authors created mul-
tiple mathematical models in the program complex
SCAD [11] and investigated the capacity behav-
iour at different ways of transferring the load onto
the corrugated wall elements [8]. However, the
obtained results were multivalued by direction and
character of deformations and required clarifica-
tion.

Thus, it was necessary to formulate and con-
duct more sophisticated experimental research that
will determine fundamentally the nature of corru-
gated wall deformation under the load from bulk
materials and help to understand how the horizon-
tal pressure is distributed on each individual corru-
gated plate [9]. In addition, it was necessary to get
guantitative deformation values to compare them
with the calculated ones obtained during mathe-
matical modelling.

Methodology

The researches in this field were performed by
means of the searching laboratory model experi-
ment because it was not possible to examine the
object itself, given its large size [5]. Therefore, the
model of the studied object was examined.

Preparation and planning of the experiment
contained a lot of tasks, including the following:
previous theoretical analysis and mathematical
modelling of the experiment-predicted situation;
selection of a common form of the experimental
capacity and the material from which it must be
manufactured; accurate selection of parameters to
characterize the bulk materials to be used and the
created experimental capacitive structure; determi-
nation of the total number of these parameters and
their linkage to each other; defining the number of
variables, etc. In addition, the scope of the research
was limited by the dimensions of the used premises
(outdoors had a high probability of influence of the
hard-predictable adverse factors), the scope of
physical work (loading and unloading of capacities
was performed manually), the estimated cost of the
planned research. More details concerning the ex-
periment planning and preparation can be found in
the previous publication of the authors [9].

In the final study, the experimental design was
adopted as symmetrical single-stage capacity of
prismatic type with three flat and one replaceable
corrugated walls.

The material for prismatic capacity was chosen
as follows: for two sides and the bottom — 8 mm
MDF sheets, for the third side — glass of the same
thickness. The corrugated wall was made of the
technical paper with 0.27 mm sheet thickness and
220 g/m? density that is equivalent to 0.815 g/cm®.
The strength factor and Poisson coefficient accord-
ing to A.H. Yahofarov’s thesis [12] were adopted
as 10000 MPa and 0.5, respectively.
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The main parameters that characterized the ex-
perimental bulk material — millet — included the
following of its physical and mechanical character-
istics: grain diameter, bulk density, specific
weight, angle of friction, angle of external friction
and friction coefficient. They were determined ex-
perimentally during the special relevant additional
research and had the following values respectively:

— dgr =2.25mm;

p, = 707.33 kg/m®;
y =707.56 kgf/m?;

= Wy =24.8";
- (Pg;t =15
- f=0.27.

As the variable design parameters were taken
the corrugation form type and size — crinkle height
and length.

The corrugation profile for the panel was made
in three versions: square profile with smaller plate
oriented to bulk material, square profile with big-
ger plate oriented to bulk material and triangular
profile (or zigzag), which was a simplified version
of the wavy one (see Fig. 1). Herewith the crinkle
length, depending on the profile type and experi-
ment stage, ranged from 22 to 78 mm and the crin-
kle height was researched in two versions: 19 and
25 mm.

To solve the experimentally set task the corru-
gated wall deformations were measured. For this
purpose the construction was equipped with
a watch-type indicator of 0.01 mm-accuracy to
obtain the values of total vertical displacements of
the corrugated panel top point. Also the 1 mm-
scale rule was attached to the grooves along the
entire corrugated wall on both sides, in order to fix
the vertical deformations of each crinkle while the
capacity is filled with bulk materials. Material fill-
ing was carried out at the wall the most remote
from the corrugated panel in order to transmit the
bulk load gradually, by gravity, without bumps.

The experiment was conducted twice. The aim
of the first one was qualitative determination of the
nature and direction of the deformations of various
corrugation types, since the previous mathematical
modelling of experimental situations provided the
results with different directions of vertical dis-
placements and they needed experimental confir-
mation. Loading of capacity took place for the

three above mentioned corrugation types, whose
dimensions (see. Fig. 2) were selected from the
conditions of proportionality of plate sizes to bulk
material fraction and compliance with profile
groove sizes.

L

L

crinkle length b)

crinkle height

Fig. 1. The studied corrugation profile types:
a — square profile with smaller plate oriented to bulk material;
b — square profile with bigger plate oriented to bulk material;
¢ — triangular profile
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Fig. 2. Sizes of some corrugation plates of each section
type for production of capacity corrugated wall

The aim of the second experiment was to obtain
quantitative indicators of displacements for clarify-
ing the scheme of load on each individual corruga-
tion plate as well as selection of a calculation
method to analyse the future mathematical models
in FEM (finite element method).

This version tested only square profiles with
smaller and bigger plates oriented to bulk material.
Theoretically, the model evaluation included con-
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sideration of 7 load charts with different versions
of the pressure distribution on each individual
plate. These charts and sizes for square profile with
smaller plate oriented to bulk material are shown in

Fig. 3.
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Fig. 3. Theoretically probable load charts

The load values for SCAD simulation were de-
termined in accordance with DBN [6] by Jansen
theory with consideration of local pressure rise
coefficient a;, taken in accordance with the re-
quirements of par. 4.11. The calculation was per-
formed using linear and nonlinear methods.

Findings

During computer simulation of the first ex-
periment by non-linear calculation method each
type of profile sections was deformed differently

and quite specifically. Direction of total vertical
displacements of the square profile with smaller
plate oriented to bulk material was downward and
had a value of 4.34 mm, and that of the square pro-
file with bigger plate oriented to bulk material —
upward (coincided with the direction of z-axis in
SCAD model) by 5.79 mm. For triangular profile
the vertical deformation values were significantly
lower and made 1.76 mm downward, but the pro-
file was quite significantly deformed in plane,
which was not observed in the previous two ver-
sions.

The conducted experiment confirmed the data
obtained by FEM calculation, namely — in essence
the direction and character of the deformations
completely repeated the SCAD design situation. In
addition, the quantitative values of vertical defor-
mations of the corrugation plate top reference point
for each section type under full load were very
close to the pre-calculated ones and differed in
value by less than 1 mm.

Photos of full loading of the experimental ca-
pacity to 48 cm height are shown in Fig. 4.

Fig. 4. Experimental capacity
with the square profile with smaller plate oriented
to bulk material under full load

For more accurate monitoring of deformation
nature the samples were taken evenly along the
entire height of the corrugated panel for pre-
defined control points at different levels of capac-
ity load. The results for each type of profile in the
form of charts are presented in Fig. 5.
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Experiment Noi,
Square profile with smaller oriented plate.
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Fig. 5. Charts of displacement of corrugated panel control points when capacity is loaded with bulk material

The comparative results of computer calcula-
tion for square profiles in design and computing
complex SCAD at different load patterns, which

were analysed during the second experiment, are
given for full load of the capacity in the Table 1.
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Table 1
The calculation results for total vertical displacement of corrugated panels
Values of total vertical deformations at the appropriate load patterns, mm
Profile type Calculation method 1 ) 3 A : 5 B
Linear —-28.39 | -187.57 | -164.94 | -58.53 | -324.83|-302.37 | +5.12
-
Non-linear -10.74 | -24.21 | -22.38 | -15.86 | -27.93 | -25.90 | +1.4
Linear +39.72 | -147.12 | -123.04 | +56.92 | -346.41 | —-341.55 | +32.47
-
Non-linear +11.02 | -20.23 | -17.81 | +13.58 | -28.41 | -28.52 | +8.76

Note: The sign of deformations indicates their direction with regard to the set z-axis direction in SCAD; “+” —

corrugated panel is deformed upward;

After analysing the figures, the load patterns 2,
3, 5, 6, 7 were immediately rejected as the sign
indicating the deformation direction does not com-
ply with the real operation scheme of corrugated
panel, which was observed during both experi-
ments.

To choose the calculation method and the final
load pattern the results of the left patterns 1 and 4
required the comparison with quantitative indica-
tors obtained after the second experiment. How-
ever, if in case of the first experiment all types of
profiles withstood the full load, then in case of the
second one the last samples which managed to be
taken before destruction of corrugated panels were
at the capacity load levels of 25 and 20 cm for the
square profile with smaller and bigger plates ori-
ented to bulk material respectively. This flow of
experiment occurred because the dimensions of
crinkle length and height in the latter case were
increased by 30%, and therefore the area of
material of the corrugated panel perceiving the
pressure from the bulk material decreased. There-
fore, the need to compare the quantitative deforma-
tion indicators led to another simulated load situa-
tion for appropriate experimental level, as well as
to additional calculations, the results of which are
summarized in the Table 2.

— corrugated panel is deformed downward.

Table 2

Values of total vertical displacements
of corrugated panels under partial load

Values of total vertical
Method of | deformations at the
Profile type ethod of result | - appropriate load pat-
generation terns, mm
1 4
— Linear
. -12.62 -26.16
calculation
-—
Non-linear
] calculation 478 709
h=25 .
Experiment -5.25
—— Linear
. +8.11 +10.44
calculation
-
Non—Imt_ear +2.5 4249
i calculation
h=20 Experiment +2.45

Note: h —experimental capacity load level, cm.
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It should be noted that almost all destructions
of the square profile panels occurred due to loss of
local stability of separate corrugation flanges at the
bottom and the most loaded part of the panel (the
second or third crinkle), which is shown in Figure
6, while the triangular (zigzag) profile was losing
the crinkle stability almost simultaneously
throughout the height (Fig. 7). The exceptions of
the above information were the cases when the
initial corrugation deformations (workshop faults,
inadequate angle between the plates under their
own weight, etc.) resulted in crinkle jamming in
grooves.

Fig. 6. Panel destruction due to loss of local stability
of bottom plates of the second and the third corrugations

w

Fig. 7. Panel destruction due to loss of local stability
of corrugation plates throughout the height

Originality and practical value

Since the existing recommendation literature
and regulatory framework concerning the capaci-
tive structure design contain no information about

the features of modelling bulk material pressure on
the corrugated steel elements, the conducted re-
search and experimental tests explain and clarify
the ways for possible redistribution of bulk mate-
rial pressure on each corrugation plate, that is use-
ful for correct design of containers with such walls
during further calculations and search of new di-
rections for future research.

Conclusion

Summarizing all the above, we can make the
following conclusions:

1. The experimental studies resulted in qualita-
tive determination of the corrugated wall deforma-
tion character under the load from bulk materials
and obtaining of quantitative indicators of total
vertical displacements for the three types of corru-
gation section with variable output parameters.

2. Experimental data confirmed the analysis
correctness of pre-made mathematical models, in
addition the numerical results obtained from math-
ematical modelling and laboratory experiments
have very similar values.

3. Also, it is fair to say that when the diameter
of the bulk material is more than ten times smaller
than the size of the smallest corrugation plate, the
load pattern is as close as possible to the hydro-
static one.

4. For further mathematical modelling of ca-
pacitive structures it is recommended to use non-
linear calculation method and the proposed 1 and 4
load patterns, selecting the worst option for real
calculation.

5. The results obtained during the experiment
show promise for further development of scientific
research to discover new research areas.
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EKCIIEPUMEHTAJIBHE JOCJ/IIIDKEHHA PO3ITIOALTY
I'OPU3OHTAJIBHOI'O TUCKY
HA T'O®POBAHI CTAJIEBI CTIHKH CHJIOCY

Merta. Y mocripkenHi oTpiOHO 3poGuTH: 1) sIKicHY OIIHKY XapakTepy jaedopmariiit ToppoBaHOi CTIHKHA €MHOC-
Ti IpH J1ii HABAHTAXKEHHS Bill CHITYYHX MaTepiallis; 2) BUSHAYMTH CXEMH TIEPEPO3OILTY TOPH30HTAILHOTO THCKY Ha
KOXXKHY OKpeMy IUTaCTHHY Todpa Ta METOIH PO3PaxyHKy, IO OJNMK4i 0 AificHOI cuTyarii; 3) OTpUMaTH KiTbKicHi
NIOKa3HUKH JedopMaltiii Jurs CriBCTaBICHHS iX 13 pO3paXyHKOBUMH, OTPUMaHHMHU IIPH MOJETIOBAaHHI MaTeMaTHYHOL
Mozemi. Meronuka. [ TOCATHEHHS IOCTaBIICHOI METH OYyJIH JOCITIKEHI Pi3Hi TUITH MPOo(]iiB EMHICHIX KOHCTPY-
KLii Ta OTpHUMaHi 3HaYCHHS BEPTHKAJIBHUX CyMapHUX NepeMillleHb IpH Jii HaBaHTakeHHs. J{s 004KciIoBaIbHOTO
EKCIIEPUMEHTY OyB BUKOPHUCTAHHI MPOEKTHO-00uncmoBansauii kommieke Structure CAD mis Windows. Kpim to-
TO, NPOBEJCHO JIADOPATOPHHUI EKCIIEPUMEHT, aHalli3 Pe3yJbTaTiB SKOTO BaYKJIMBUH JJIs MIiATBEPIKEHHsS BIPHOCTI

doi 10.15802/stp2016/78006 © V. V. Kachurenko, D. O. Bannikov, 2016

158



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec Tpancropry. BicHuk J[HIIponeTpoBchKoro
HALIOHAILHOTO YHIBEPCUTETY 3alli3HHYHOr0 Tpancmnoptry, 2016, Ne 4 (64)

TPAHCIIOPTHE BY JIBHULITBO

norepeIHb0 BUKOHAHUX KOMIT I0TepHUX MoJened. PesyasTaTn. B po0oTi, BHAC/IIZOK IPOBEAEHOTO EKCIIEPUMEHTY,
Oyno 3HAIEHO MiATBEPIDKCHHS OTPUMAHMX MPH PO3PaxyHKY MeTomoM ckiHueHHuX enemeHTiB (MCE) nanux,
a caMe — HampsIMOK Ta xapakrtep JedopManiil HOBHICTIO (SKICHO Ta KiJIbKiCHO) MOBTOPIOBAB PO3PaxXyHKOBY CHTya-
uito B SCAD. Byno BukoHaHo aHaniz poO60oTH ToppoBaHOTO MpoQiss MpH Pi3HUX TEOPETHYHO HWMOBIPHHUX CXEMax
HAaBAaHTKCHHS Ta PI3HUX METOJaX PO3PaxyHKy. Takok BHUKJIANCHI peKOMEHIAWil Uil pealbHOrO PO3paxyHKY 3a
JIOTIOMOT'OI0 KOMIT FOTEPHOTO MOJICIOBAHHS. Y TIPOLEC] CIUTBHOTO JOCIHIIKEHHS aBTOPIB OyJIM OTpHMaHi NaHi, 110
JTO3BOJISIOTH OLIBII TOYHO Ta KOPEKTHO OIIHUTH poOOTY TodpoBaHUX MPOQiNTiB MPH 1ii TUCKY B CHITyYHX MaTepi-
amiB. HaykoBa HoBu3Ha. [IpoBeseHi JOCHIIKEHHS Ta €KCIIEPUMEHTAIbHI BUIIPOOOBYBAHHS MOSCHIOIOTH Ta YTOU-
HIOIOTh CIIOCOOM MOXITMBOTO MEPEPO3MOALTY TUCKY CHITydOro Marepially Ha KOXHI OKpeMi IUIacTuHH rodpa, npo
110 BIACYTHs iH(QOpMaIlisi B HasBHIi peKOMEHI0BaHIH JIiTepaTypl Ta HOpMAaTUBHIK 0a3i B cepi MPOeKTyBaHHS €MHI-
cHux criopya. [IpakTuyHa 3HaYMMIicTh. 3aCTOCYBaHHS 3allpOIIOHOBAaHUX PIillIEHh € KOPUCHUM ]ISl KOPEKTHOTO MO-
JICITIOBaHHS EMHOCTEH 13 TOppPOBaHMMH CTIHKaMH IPH HACTYITHUX pO3paxyHKax Ta MOUIYKY HOBUX HAIpsIMKiB MoJa-
JIBILIOTO JIOCII/PKEHHSI.

Kmiouosi cnosa: cunoc; e€MHICHA CHOpyZa; CTIHKAa Cwiocy; rodpoBaHuii mpodiab, eKCHEPUMEHTABLHE M0-
CItipKeHHs; nedopMaltii; KOMIT FOTEPHE MOJICITIOBAHHS
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IKCHEPUMEHTAJIBHOE NCCJIEAOBAHUE PACIIPEJAEJIEHUSA
I'OPU3OHTAJIBHOI'O JABJIEHUSA
HA I'O®PUPOBAHHBIE CTAJIBHBIE CTEHKH CHJIOCA

Henw. B nccienopannn HEOOXOIUMO YCTAHOBHUTH: 1) KaueCTBEHHYIO OLICHKY XapakTepa aedopmariuii rohpupo-
BaHHOM CTCHKH eMKOCTH TPH BO3JCHCTBUH HATPY3KH OT CBHIMYYHX MATEPUAIIOB; 2) OMPEACIUTh CXeMbI Iiepepacipe-
JITICHNs] TOPU30HTAIBHOTO JIABJICHHS HAa KaXIyI0 OTIEIbHYIO IUIACTHHY rodpa M METOJABI pacyera, 4To OJIvKe
K JCHCTBUTENBHON CHUTyaluH; 3) MOJYYUTh KOJNHWYCCTBCHHbIC MOKasaTenu AehopMauuidl AJsi COMOCTABICHHUS HX
C pacyeTHBIMH, MOJYYCHHBIMHU IIPH MOJEIMPOBAHUM MaTeMaTHyeckoil Monenu. Meroanka. [{1s JOCTHKEHHS I10-
CTaBJICHHOM LIeJIM OBUIM MCCIICIOBAHBI PA3JIMYHbIC TUMHI MPOQUIeH eMKOCTHBIX KOHCTPYKIHMI M MOJTy4eHbI 3Have-
HHS BEPTHKAIBHBIX CyMMAapHBIX ITEPEeMEICHUI PH BO3ACHCTBUN HArpy3Ku. IJisi BEIYMCIUTEIBHOTO YKCIICPUMEHTA
OBbLIT UCIIOIB30BaH MPOEKTHO-BEIYMCIUTENbHBIN KoMIuteke Structure CAD mis Windows. Kpome Toro, mposeieHo
7Ta0OpaTOPHBIN SKCIIEPUMEHT, aHAIIM3 PE3YJIbTATOB KOTOPOTO BaXKEH JUIs OATBEPKICHUS BEPHOCTU TPEIBAPUTEb-
HO BBINIOJTHEHHBIX KOMIBIOTEPHBIX Mozeneld. Pe3yabTaTbl. B pabote, B pesynbrare MPOBEASHHOTO KCIEPUMEHTA,
OBUIO HAWACHO MOATBEP)KACHHE MOJYYCHHBIX I[IPU pacdere METOJOM KOHE4HbIX 3mementoB (MKD) naHHBIX,
a MMCHHO — HalpaBICHHE M Xapakrep Ae(hopMaluii MOTHOCTHIO (KAYECTBEHHO M KOJIHMYECTBEHHO) MOBTOPSLI
pacdernyto curyarmto B SCAD. bput BbInosHEH aHaiu3 paboThl TOPPUPOBAHHOTO MPOQUIIS TPU PA3TUYHBIX TEOpe-
THUYECKH BO3MOXKHBIX CXEMax Harpy3Kd W pa3iIMuHbIX METO/axX pacuera. Takike W3JI0KeHbI PEKOMEHIAINU ISl pe-
JIBHOTO pacyeTa C MOMOIIBI0 KOMITBIOTEPHOTO MOJICIMPOBaHMs. B mpoliecce COBMECTHOTO MCCIEJOBAaHMSI aBTOPOB
OBUTH TTOJTyYEHBI AaHHbIE, TO3BOJISIONINE OOJiee TOYHO M KOPPEKTHO OLEHHUTH paboTy ropupoBaHHBIX npoduieit
TIpY BO3AEHCTBUY JABJICHUS OT CHITy4HX MarepuasioB. Hayunasi noBu3Ha. [IpoBeneHHbIe UCCIIEOBaHUS U SKCIIE-
PUMEHTAJIbHBIC UCIIBITAHUS OOBSCHSIOT M YTOYHSIOT CIIOCOOBI BO3MOYKHOTO TIepepacipe/ieNieHUsl NaBJICHHs ChIITyde-
ro MaTepHajia Ha KaKAble OTJACNIbHBIC IUIACTHHBI Tod)pa, PO YTO OTCYTCTBYeT HH(OPMAIHMsS B HMEIOIIEHCS
PCKOMEHJIOBAaHHOM JIUTEpaType M HOPMAaTHBHOM 0a3e B OOJACTH NPOCKTUPOBAHWS EMKOCTHBIX COOPYKCHHH.
IIpakTHYeckasi 3HAUMMOCTDb. [IprMeHEHNE NPEIUIOKEHHBIX PEIICHNH SABIISETCS IOJIC3HBIM UL KOPPEKTHOTO MO-
JETUPOBaHMS eMKOCTEH ¢ TOPUPOBAHHBIMU CTEHKAMH IIPH TOCIEAYIOMINX pacyeTax W IOHCKAa HOBBIX HaIpaBile-
HUH JaIbHEUIIETO UCCIIENOBaHMS.

Knrouesvie crosa: cuiloc; eMKOCTHOE COOPY)KEHHE; CTEHKa CHIIOca; rOQPUPOBAHHBIA NPOQUIb, IKCIIEPHUMEH-
TaJIbHOE HCCIeN0BaHKe, Ne(opMany; KOMIBIOTEPHOS MOACIUPOBAHUE
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ESTIMATION OF SUBGRADE STRENGTHENING INFLUENCE
USING SOILCEMENT ELEMENTS

Purpose. The aim of this work is to identify dependencies and options to strengthen the roadbed and a weak
base by grouting piles. Analysis of software package SCAD to assess the effect of the selected option of strengthen-
ing the construction of spatial subgrade models. Methodology. In this paper the method of calculation of the soil
mass in the software package SCAD is considered, which is a universal accounting system of finite-element analysis
of structures and is focused on solving problems of designing buildings and structures rather complex structure. The
finite element method is among the most modern and effective methods for the calculation of structures for various
purposes. In the simulation, we get a complete picture of the stress-strain state of the study area, as well as the value
of the limit load, rainfall, and so on. The spatial model based on the finite element volume, to better address the real
characteristics of the soil mass, meets all the geometric characteristics of size and natural subgrade and the top struc-
ture the path that has been adopted in Ukraine. Findings. It was found that the most effective option to strengthen
the roadbed, when applying grouting piles at the base of the subgrade and body, is to strengthen the five piles. At the
same time there is even strengthen the soil mass at the level of 25 ... 30% of the entire depth. However, even with
the strengthening of the only two piles at the base of the effect of the strengthening of 14.1%. Established equation
is linear and describes the decrease in strain. Taking into account the results of the research can be concluded that
the consolidation is proportional to the depth with any number of piles. The dependence of the strain on the number
of piles adheres to a polynomial function. Strengthening the bases of the subgrade and body depth also occurs in
proportion with any number of piles. Originality. Design scheme generation algorithm for the calculation of the
subgrade on a weak basis by finite element method was determined. The selection of strength characteristics of soils
and the design parameters for use during the numerical simulation was completed. Load process simulation of the
system by rolling stock was grounded. Practical value. Analysis of stress-strain state of «weak base-subgrade» al-
lows you to see the basic laws work the soil and take the necessary measures to enhance the cross-section profile of
jet-grouting elements.

Keywords: subgrade; weak base; soil cement; stress-deformed state

not exceed the limits in order to be secured condi-
tions of stability and safety of permanent way
[1, 4, 10].

Breach of the foundation stability displace in
the form of displacement of natural soil mass,
bringing to injuries or disturbance of the roadbed,
such as soil slips, dips and more.

Experience of designing and performance of
track structure showed that over time should take
some measures to improve the characteristics of
the soil mass to be able to the follow normal per-
formance of the roadbed. [5, 3, 13]

Soilcement elements that are widely used
abroad, as well as construction of industrial and

Introduction

The main priority of rail transport is to provide
of goods and passengers safety.

All facilities should be designed so as to corre-
spond to its purpose, to be stable and reliable. De-
sign of bases is a complex task that takes into ac-
count engineering and geological conditions as
well as the design and performance properties of
the structure.

Under the influence of the load from rolling
stock and own weight of permanent way the soils
deformed, and its deformation is greater than the
greater tension in the soil. Deformation of soils

bring to setting of structure. The tensions should

civil objects for its purpose, can be used for the
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© V. D. Petrenko, O. L. Tiutkin, I. O. Sviatko, 2016

161



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka ta nporpec Tpancnopty. BicHux J{HinponeTpoBCEKOro

HaLliOHAIIBHOTO YHIBEPCHTETY 3aili3HHYHOro TpaHcnopty, 2016, Ne 4 (64)

TPAHCIIOPTHE BYJIBHULITBO

strengthening of transport facilities, in particular at
strengthening the roadbed as well as weak bases.

Purpose

The aim of this work is to identify dependen-
cies and parameters of subgrade strengthening and
weak base using soilcement piles. Analyses of us-
ing of SCAD software system came for assessing
of impact choose variant of strengthening for struc-
ture of roadbed spatial models.

Methodology

The most of appropriate and promising method
for assessment of roadbed stress-strain state is
modeling the spatial models using finite element
method. In this paper considers the method of cal-
culation of soil mass by software complex SCAD,
which is a universal calculation system of finite-
element analysis of structures and orientate on so-
lution the tasks of designing buildings and con-
structions rather complex structure. The method of
finite elements it goes to the most modern and ef-
fective methods for the calculation of structures for
various purposes. During the simulation we get a
complete picture of the stress-strain state of the
study area and the limit value loading, sedimenta-
tion, etc.

The spatial model based on volumetric finite
elements to better take into account the real charac-

6266
5266

teristics of the soil mass meets all the geometric
characteristics and natural size of subgrade and
permanent way, which was adopted in Ukraine.

Deformation characteristics, those taken in the
model correspond to the values which have been
obtained in the study of subgrade soil [6, 7, 14].

At the time modeling applied so restrictions
(boundary conditions):

—on the model bottom impose a ban on
movements in the direction of the three axis — X,
Y, Z;

— lateral facets of base have a ban on move-
ments over the axis X and Y;

— diametrical sides of model — a ban of move-
ments over axis Y (plane deformations condition).
[8,9, 12]

Top of model and also embankment slopes
have no restrictions — free from boundary condi-
tions.

The thickness of the computational model (on
the axis Y) adopted 1.15 m, which corresponds to
the width of two standard sleepers and two dis-
tances between sleepers with its epures 1740 piec-
es/km. The model is symmetrical on thickness rela-
tively of axis X. Inclination of the railway slope
make 1: 1.5. General view of the roadbed plan is
shown in Figure 1.
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Fig. 1. General view of the roadbed plan with permanent way
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Fig. 2. The calculation model
in program complex SCAD

All calculations performed by the multifrontal
method of expansion of rigidity matrix with auto-
matic optimization of the tape width, as this meth-
od is the most progressive when working with ma-
trixes, which used to program complex SCAD [2,
11, 12, 15].

After the complete linear calculation values of
deformations relatively axis Z and axis X were
obtained. Precision of matrix expansion is 1x1012.

General view of model in program complex
SCAD shown in Figure 2.

In this paper have considered the following var-
iants of strengthening: placement of soilcement
piles with a diameter of 0.5 m only in the base of
roadbed and in base and through the body of road-
bed. Adopted by number of piles are two, three and
five, respectively, for each variant.

In all cases soilcement piles were disposed
symmetrically about the axis of the track.

During the calculations of strengthening varia-
tions the length of piles at the base is 3 m long and
the length of piles in the base and in the body of
embankment — 9 meters. The distance from the
lower end of the pile to the bottom of the calcula-
tion model is 1.0 m.

Findings

After carry out of the control calculation unfor-
tified subgrade have been received the maximum
deformations along the axis Z (Figure 3), that form
14.21 mm, and along the axis X (Figure 4) — 2.45
mm. At the level of the transition from the body of
the embankment to the base subgrade is a slight
curvature in view of change point with characteris-
tic modification of direction deformation behavior.

It should also be noted that in the area of crossing
from base to embankment remain about 50% of
total deformations, which is 7. mm.

According to the results obtained with the
strengthening by two soilcement piles only in the
base, the overall deformation on the axis Z in the
level of rail head formed 13.4 mm (Figure 5.), that
is 5.7% less than the control calculation. Deforma-
tions of model in which additional piles were in the
body of the embankment totaled 12.20 mm, that is
14,1% less deformations of unfortified models.

By the level of foot sleeper the deformations on
the axis Z have been reduced in the case of
strengthening of base on 4.0% and in the case of
strengthening the base with the body of the em-
bankment — on 14.0%.

Fig. 3. The calculation without strengthening
by soilcement piles. Deformation on the axis Z
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Fig. 4. The calculation without strengthening
soilcement piles. Deformation on the axis X
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Fig. 5. Deformation on the axis Z.
The calculation of two piles in base

In addition, the model the characteristic chang-
es of izofields deformations on the places of piles
existing. It should be noted that in the area of
crossing between weak base and embankment total
deformation decreased on average by 16%.

In strengthening of roadbed by three soilcement
piles, so be observed decrease of deformation on
the axis Z. Thus the effect of the pile using only in
base and in the base and body of embankment sig-
nificantly different. In the first case, reducing of
deformations by the level of rail head happened on
8.2%, while in the second case — almost three
times more — 20.6%.

However, in the plane of crossing between the
base and the body of embankment exist several
another situation. On the contrary, the strengthen-
ing only base reduce the deformations was about
27.3%, whereas the strengthening through the body
of embankments exists of decrease by only 23.0%.

The calculation results in the strengthening by
five soilcement piles testify about the following.
The maximum deformation in the level of rail head
totaled 12.62 mm and 10.57 mm at strengthening
only bases and base with body of embankment re-
spectively, representing a decrease of 11.2% and
25.6%. However, on the boundary of crossing from
the base to the body of the embankments the effect
from strengthening is the same reaching 29.1 ...
29.5% with comparison the control calculation.
Also on the present boundary become more pro-
nounced the change of isolines (Figure 6).

e

Fig. 6. Deformation on the axis Z.
The calculation the five piles at the base
and body of embankments

Originality and practical value

The algorithm of forming design scheme for
calculating of the embankment on the weak base
by the finite element method has been determined.
The selection of soil strength characteristics and
the calculation parameters for use in numerical
modeling has been done. The modeling of loading
system process by rolling stock has been grounded.

Analysis of stress-strain state of the system
«weak base — roadbed» permit to see the basic reg-
ularities of soil work and use of embankment
cross-section profile strengthening by soilcement
elements.

The method of subgrade on weak base model-
ing that reflects with their work under loading by
own weight and rolling stock has been proposed.

Conclusions

The most effective variant at the arrangement
of soilcement piles at the base and in the body of
embankment is strengthening its by five piles.
Thus there is a uniform soil mass in the level 25 ...
30% on the all depth. Reducing of deformations is
linear and describe by the equation y = 11.906-
0,4867h, where h is the depth of plane base from
top plane of railbed. However, even with the
strengthening only two piles in the base effect from
strengthening is 14.1%.
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Figure 7. Graph of deformations Z (mm)
in strengthening only base
of embankment depending on number piles in base
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Fig. 8. . Graph of deformations Z (mm)
in strengthening of base and of the body
of embankment depending on number piles in base

Take into consideration these graphs possible to
draw a conclusion that the strengthening is propor-
tional to the depth at any number of piles. The de-
pendence of the deformations from number of piles
follows polynomial functions and describes by the
equation y = 0,0875h? — 0,9585h + 9.9675. The
strengthening of base and of embankment body at
the depth also happens proportionately for any
number of piles. The dependence of the deforma-
tions on the number of piles follows polynomial
functions and describes by the equation
y = 0,1725h” — 1,6055h + 10.512.
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on the basis of laboratory multi-level shear box
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OLIHKA BIVIMBY YKPIIVIEHHA 3EMJIAHOI'O ITIOJIOTHA
ITPYHTOUEMEHTHUMMU EJIEMEHTAMU

Merta. B po6orti nependadaeTsCst BUSBUTH 3QJISKHOCTI Ta MapaMeTpy YKPIIJIEHHs 3eMIISTHOTO TI0JIOTHA 1 cllabKkoi
OCHOBH 32 JIOTIOMOTOI0 IDYHTOLEMEHTHUX Najb. TakoX MOTpiOHO 3pOOHMTH aHalli3 BUKOPHCTaHHS IPOrPaMHOTO
komruiekcy SCAD juis1 omiHKM BIUIMBY 0OpaHOTO BapiaHTy YKPIiIUICHHS NpH 1MOOY/I0BI IPOCTOPOBOI MOJIEI 3eMIIs-
Horo monotHa. Meroguka. B naHiii poGOTI poO3rismaeThcsi METOAMKA PO3PaxyHKYy IPYHTOBOTO MACHBY
y mporpamaoMy komrutekci SCAD, sikuif € yHiBepcaTbHOIO PO3PaXyHKOBOIO CHCTEMOIO KiHIIEBO-CIIEMEHTHOTO aHa-
N3y KOHCTPYKIIA Ta OpPI€HTOBAaHWN Ha BUPIMICHHSA 3aBJaHb NMPOCKTYBaHHsS OYIiBENb 1 CIIOPYI JHOCHTH CKIIATHOT
CTPYKTYpH. MeTo CKiHYeHHHX €JIeMEHTIB BITHOCUTHCS 0 HAWOUIBII CydacHUX 1 e(peKTHBHUX METOMIB JJIS po3pa-
XYHKY CIOpyA pi3Horo mpusHadeHHs. Il wac MopmemoBaHHS OTPHUMYEMO IOBHY KapTHHY Hallpy»XeHo-
ne(opMOBaHOTO CTaHy IOCHIPKYBaHOI 00JacTi, a TaKoXK 3HA4YCHHsI TPAHUYHOTO HABAHTAKEHHS, OCIAAaHHS TOILO.
[TpocropoBa Moenb HAa OCHOBI 00’ €MHHUX KiHIIEBUX €JIEMEHTIB, /ISl KPAIIOTO BPaxyBaHHS peaJbHUX XapaKTEPHUCTHK
I'PYHTOBOTO MacHBY, BiJIIIOBiZIa€ BCIM T€OMETPUYHUM XapaKTEPUCTHKAaM 1 HATYPHUM PO3MipaM 3eMJISTHOTO MOJIOTHA
Ta BEpXHBOI OyIOBH KOJIil, sika NPHUIHHATa HA TepuTopii YKpaiuu. PesyabraTn. BeranosieHo, mo HalieeKTUBHI-
MM  BapiaHTOM  YKpIIUIEHHS  3€MJISHOTO  TOJOTHA, TIPH  BJAIITYBaHHI  IPYHTOIEMEHTHUX  Malb
B OCHOBI H TiJIi HacuIy, € YKpimyIeHHs 11’ siTbMa nansiMu. [Ipu nboMy criocrepiraeTbes piBHOMIpHE YKPIIUIEHHS IPyH-
ToBoro MacuBy Ha piBHI 25...30 % mno Bciii rmubuHi. IIpoTe, HaBiTH i3 YKpIIUIEHHSM JIHIIE JBOMa HajsIMU
B OCHOBI, epekT Bix ykpimeHas cranosuth 14,1 %. BeraHoBineHO piBHAHHS, SIKEe Ma€ JTIHIHHUN XapakTep i OmUcye
3MeHIIeHHs nedopmaniid. [IpuiiMaroun 10 yBaru pe3yibTaTH JIOCIIKCHb, MOXKHA 3pOOUTH BHCHOBKH, IO YKpiIl-
JICHHA 110 TIIMOMHI BiIOYBa€eThCA MPOIMOPIIITHO TpH OyAb-AKiH KIJIBKOCTI Mab. 3aJeKHICTh AedopMariil BiJf KITbKO-
CTi MaJb JOTPUMYETHCS MOMIHOMIaTbHOT (YHKIIII. YKPIIUIEHHS OCHOBH 1 Tijla HACHITy IO TIIMOMHI TaKOXX BinOyBa-
€THCA MPOMOPLIHHO MpH OyIb-AKii KimbkocTi mams. HaykoBa HOBM3HA. ABTOpaMH BH3HA4YEHO alTOPUTM (popmy-
BaHHs PO3PaXyHKOBOI CXEMH JJIsl PO3PaxyHKY HACHITy Ha cIa0OKili OCHOBI METOZOM CKIHYCHHUX €JIeMEHTIB. Buko-
HAHO MiA0Ip MILHICHUX XapaKTepUCTHK IPYHTIB Ta pPO3paXyHKOBHX MapaMeTpiB JUIs 3aCTOCYBaHHS IIijJ 4Yac
YHUCENILHOTO MoJietoBaHHs . OOIpyHTOBaHO MOJIEIIOBAHHS IMPOIECY HABAHTAXKCHHS CUCTEMH PYXOMHUM CKIIAJIOM.
IIpakTHyHa 3HAYMMIiCTB. AHaJII3 HaNPy>KeHO-e(POPMOBAHOTO CTaHYy CHCTEMH «cllabKa OCHOBa-3€MJISTHE MIOJIOTHO»
JI03BOJISIE TIOOAYUTH OCHOBHI 3aKOHOMIPHOCTI POOOTH IPYHTY 1 BXKUTH HEOOXiIHI 3aX0/H /ISl MiJICUICHHS TTOTIepey-
HOTO MPOQII0 IPYHTOLIEMEHTHUMH €IEMEHTaMHU.

Kniouosi crosa: 3eMisiHe TIOJIOTHO; cl1abKa OCHOBA,; IPYHTOLIEMEHTHI eJIEMEHTH; Halpy»eHO-1e(OpMOBaHH CTaH
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OLEHKA BJIMAHUSA YKPEIVIEHUSA 3EMJISAHOI'O TIOJIOTHA
I'PYHTOUEMEHTHBIMHU JIEMEHTAMUA

Hean. B pabote mpexamonaraercst BBIIBUTH 3aBUCHMOCTH M IIApaMETPhl YKPEIUICHHS 3E€MJISTHOTO IIOJIOTHA
1 cnaboro OCHOBAHMS C MOMOIIBIO TPYHTOLIEMEHTHBIX cBall. Takke HEOOXOAMMO CAENaTh aHAIN3 IMPOrPaMMHOTO
komiutekca SCAD ju1s OlleHKH BIMSIHHS BBIOPAHHOTO BAapHaHTA YKPEIUICHHS IPH MTOCTPOSHUH IPOCTPAHCTBEHHOMN
MOJIETIH 3eMJISTHOTO TojoTHa. MeToamnka. B nanHo# paboTe paccMarpuBaeTcsi METOMKA pacyeTa IPYHTOBOTO Mac-
cuBa B mporpaMmMHoM komiuiekce SCAD, KOTOpbIii SIBISIETCS YHUBEPCAIBHOM PAaCUYETHOH CHCTEMOH KOHEYHO-
3JIEMEHTHOT'O aHAJIN3a KOHCTPYKIMI M OPUEHTHPOBAH Ha PELICHHE 3a/1a4 MPOSKTUPOBAHUS 3[IaHUM U COOPYKEHUH
JIOCTATOYHO CJIOKHOW CTPYKTYphl. METOA KOHEYHBIX JJICMECHTOB OTHOCHTCA K Haubojee COBPEMCHHBIM
U 3G(GEeKTUBHBIM METO/aM JUIsl pacueTa COOPY)KEHHH pPa3IMYHOr0 Ha3HadeHWs. [Ipy MOJEIMpOBaHMU IOJyd4aeM
MIOJIHYI0O KapTHHY HaNpsDKEHHO-Ae(hOPMHUPOBAHHOTO COCTOSIHMSI MCCIEAyeMOH 00JacTH, a TakKe 3Ha4YeHHUE Ipe-
JIeTIbHOM Harpy3KH, 0Caikd U mpoyee. [IpocTpaHcTBEHHAs: MOJIENb HA OCHOBE OOBEMHBIX KOHEUHBIX AJIEMEHTOB, JUIS
JIYYILIEr0 y4eTa peajlbHbIX XapaKTEPUCTUK IPYHTOBOIO MacCHBa, COOTBETCTBYET BCEM I'€OMETPHUUECKUM XapaKTepH-
CTHKaM M HaTYpHBIM pa3MepaM 3eMJITHOTO TTOJIOTHA U BEPXHETO CTPOEHHS ITyTH, KOTOPBIE TIPHHATH HA TEPPUTOPUH
Yxpaunsl. Pe3yJabTarsl. YCcTaHOBIEHO, 4TO Hanbosee 3(h(eKTUBHBIM BapHAHTOM YKPEIUICHHS 3eMJITHOTO TTOJIOTHA,
MIPU yCTPOWCTBE TPYHTOLIEMEHTHBIX CBalf B OCHOBAHMH M TEJIE HACHINH, SBJIAETCS YKPEIUICHHE TIAThIO cBasiMu. 11pu
3TOM HaOJIONACTCS] PABHOMEPHOE YKpEIUIEHHE TPYHTOBOro MaccuBa Ha ypoBHe 25...30 % mno Bceit riryoune. OnnHa-
KO, TaXKe C YKPEIUICHHEM TOJIBKO ABYMS CBasMH B OCHOBE, 3((eKT oT ykpemierusa cocrasiser 14,1 %. Haiineno
ypaBHEHHE, KOTOPOEe UMEET JIMHEHHBIH XapakTep M ONUCHIBACT YMeHbIIeHHe aedopmaruii. [IpuHiMas BO BHUMaHue
Ppe3yIbTaThl HCCHeﬂOBaHHﬁ, MOJKHO CICJIaTh BbIBO/IbI, UTO YKPEIIJICHUC 110 FﬂyGI/lHe IMPOUCXOAUT NPONOPLHUOHATIBHO
IIPH JII00OM KOJIMYECTBE CBail. 3aBUCUMOCTH JehOpMAaLUii OT KOJIMYECTBA CBall MPHUIEPKUBAETCSI TIOJIMHOMHUAIBLHON
¢yHKIMH. YKpeIuleHHe OCHOBBI M Tejla HACBIIM 10 INIyOMHE TaKkKe MPOMCXOIUT MPONOPLUOHAIBHO HPH JTH000M
KonuuecTBe cBail. Hayunasi HoBM3HA. ABTOpamMH OIpeZeieH aJropuT™M (OPMUPOBAHUSI PAaCUETHOM CXEMBI IS
pacyera HachIK Ha C1adOM OCHOBAaHMU METOJIOM KOHEUHBIX 3JI€MEHTOB. BEHINOIHEH 110100p MPOYHOCTHBIX Xapak-
TEPUCTUK TPYHTOB M PACUETHBIX ITapaMeTPOB JUIA IPUMEHEHHS YUCICHHOTO MozeInpoBanus. OO0CHOBaHO MOJIEIIH-
pOBaHME TIpoIlecca Harpy3KH CHCTEMBI MOABMKHBIM cocTaBoM. IIpakTHuyeckasi 3HAYMMOCTb. AHAIN3 HaNpsDKeH-
HO-71e()OPMUPOBAHHOTO COCTOSIHUSI CUCTEMBI «Cllab0oe OCHOBAaHHME-3EMIISTHOE MOJOTHO» IMO3BOJSIET YBUIETH OCHOB-
HBIE 3aKOHOMEPHOCTH Pa0OTHI TPYHTA U IPUHATH HEOOXOIMUMbIE MEPHI JUIsl yCUIICHHS MTONIEPEYHOTr0 Mpoduis rpyH-
TOLIEMEHTHBIMH 3JIEMEHTaMU.

Kniouegvie cnosa: 3eMiiHOE TIOJOTHO, c€iaboe OCHOBaHME, TPYHTOLEMEHTHBIC JJIEMEHTBHI, HalpsDKECHHO-
ne(GopMHPOBaHHOE COCTOSIHUE
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BETOH HA OCHOBI JUCOHEPCHO MOJJU®IKOBAHOI
IEMEHTHOI CUCTEMH

Merta. B HaykoBiii cTaTTi HOTPiIOHO PO3MIITHYTH BU3HAUEHHS THUIIIB 3B’SI3KIB, 110 YTBOPIOIOTHCS B MOAM(iKOBa-
Hilf IIEeMEHTHIH MaTpulll OETOHY, Ta OLIHKY SKOCTI IIUX 3B’S3KiB Y HEOAHOPIMHOMY MaTepiaji AJsl BU3SHAYEHHS Ieo-
METPUYHUX 1 (PI3UYHUX CITIBBITHOIIEHb MiX CTPYKTYyporO MoaudikaropiB i memeHTHOI Matpumi. Meroauka. J{is
JOCSTHEHHS TIOCTaBJICHOI METH NPOBENCHI JOCIIDKEHHS MIKPOCTPYKTYPH IHCHEPCHO MOAW(IKOBAHOT LEMEHTHOI
MaTpHIli OETOHY Ta MEXaHi3My CTPYKTYpOYTBOPEHHA MOAN(IKOBAaHOI IIEMEHTHOI CHCTEMHU OETOHY IPUPOIHOTO TBE-
paHeHHs. BusHaueHi Metonn HamidHOI OIIHKM MimHOCTI OeToHy. Pe3yabTaTH. ABTOpPOM 3alpOIIOHOBaHA MOEIH
IPOCTOPOBOI CTPYKTYPH LIEMEHTHOI MaTpHL O6eToHy, MOIM(]iIKOBaHOT IUITXOM AUCIICPCHOTO apMyBaHHS KPUCTaJIO-
rigparamu. BuxigHuM 06’ €KTOM JOCIIKEHHS € CYKYITHICTh eleMeHTapHuX 06’ e€MiB (YapyHOK) IIEMEHTHOT MATPHIT
Ta CHUCTEMa MPOCTOPOBOrO PO3MOALIY B IMX 00’€Max apMyHUHX KPHUCTAJIOTiApaTiB. BcTaHOBIEHO, 110 HAHOLIBII
HeOe3neyHi Ae(eKTH Y BUIIISL TPILMH B 00°€Mi OETOHY NpW TBEpAHEHHI (OPMYIOTHCS B pe3yJIbTaTi BAHUKHEHHS
BHYTPIIIHIX HalpyXeHb, TOJIOBHUM 4YHHOM, Y 30HI KOHTaKTy IIEMEHTHa MaTpHlsl — 3aloBHIOBaY, abo
B 00JI1aCTi, 10 MEXKY€E 3 HaHOLIbII KPYITHUMH 1Topamy OetoHy. HaykoBa HoBH3HA. BeranoBieHnii MmexaHi3m po3BH-
TKy Tipoliecy (OpMyBaHHs MOYaTKOBOI MIITHOCTI Ta KOPCTKOCTI MOAN(IKOBaHOI EMEHTHOI MAaTpHIll 3a PaxyHOK
MIBUJIKOTO POCTY KPUCTAJIOTIAPATIB ¥ IPOCTOPI MiXK YaCTHHKAMH JAUCIIEPCHOTO apMyrodoro Moangikaropa. OcKib-
KU BUTBHOMY POCTY KPUCTAJIIB IIEPEIIKOIKAE OpaK IPOCTOPY, KPHUCTAIN B3aEMHO IPOPOCTAIOTh, YTBOPIOIOYH IIiIb-
Hy CTPYKTYpY, sika 00YMOBITIO€ 3pocTaHHs MinHOCTI. [IpakTnyHa 3HauuMicTh. Jucepcae MonngikyBaHHS 1IeMe-
HTHOI MaTpHIi JO3BOJISIE OJEpPKAaTH TOBTOBIUHI OETOHHM CIIEIiaJIbHOTO MPU3HAYEHHS 3 MPOCKTHUMH eKCIDTyaTawiii-
HUMH BIIACTUBOCTAMH. Po3po0GiieHa TEXHOJIOTiS AWCHEepCHOrO MOAM(iKyBaHHS B’SDKy4oi PEUOBHHH, BCTAHOBJICHI
0COOJIMBOCTI MEXaHI3MYy CTPYKTYPOYTBOPEHHS MOIU(iKOBaHOI IEMEHTHOI CCTEMH, a TaKOK BHKOPHCTaHHS IPUH-
LUy KOHIPYEHTHOCTI KOMIUIEKCY TEXHOJIOTTYHUX BIUIMBIB (DI3MKO-XIMIYHHMM IpollecaM rifparaiii KIiHKepHUX Mi-
HEpaiB TO3BOJIHIN PO3POOUTH TEXHOJOTIUHI OCHOBH OETOHIB CICIaIbHOTO MPHU3HAYCHHS.

Knrouoei crosa: 1eMeHTHa MaTpULs; JucHepcHe Mo (ikyBaHHS,; CTPYKTYPOYTBOPEHHS; OETOH

Beryn MPOSIBIIATHCS TajdbMyBaHHs (OJIOKYBaHHS) 3pocC-
. . . TaHHS TPIIIMH, 0 (POPMYIOTECI Ha PIBHI MakKpo-
BignoBigHO 10 BiMOMHUX YSBJICHH OCTOH pPO3- PilluH, mo GopMmy p P
CTPYKTYpH OCTOHY.

ITSAMAI0Th  SIK TeTeporeHHe CepeoBHIIe
3  «ypO/DKECHUMH Jae(eKTaMu», SKi MiCTAThCS
Yy HbOMY 3 SIBHO BHPa)KEHOIO HEOJHOPIAHOIO 1 He-
YTIOPSIIKOBAHOIO CTPYKTYPOIO 3 TOPYIICHHSIMH
CYHUIBHOCTI y BUIJISAI HEOAHOPIIHOTO MOPOBOIO
MPOCTOPY 1 MOXKIMBHUX TpilIMH ycaaku. Ha mose-
IiHKY OETOHY MiJ Yac HaBaHTAKEHHs BU3HAYAIHHO
BIUIMBAIOTh HEOAHOPIAHOCTI, IO HAaJeXaTh IO
BEPXHBOTO PiBHS CTPYKTYpH MaTepianmy. Bepxwhiii
piBeHb CTPYKTypu (MakpoCTpyKTypa) BH3HAyae
3HAYHOIO MIpOI0 KiHETUKY (DOPMYBaHHS 1 pO3BUTKY
KPUTUYHUX TPIIIWH, SKi BiANOBiAaNbHI 32 PyHHY-
BaHHS MaTepiany mig dvac ekcrutyatawii [4, 7].
V 3B’s3Ky 3 MM MOKHA BBO)XATH, 10 €(hEKTHBHIM
piBHSIM JAuCTIEpCHOTO MOAM(]iKyBaHHS IIEMEHTHOI
MaTpHLi MOBHHHI BIINOBIiJaTH Taki mapameTpH ii
CTPYKTYpH, 32 SKHX MOTJIO 0 HaWOULIBIIOK MipOro

st cTepeoIoTivHOTo YSIBJICHHS CTPYKTYPHOI
MoJieNi MOAM(IKOBaHOI IEMEHTHOI MaTpulli 0eTo-
Hy BBEACMO TOHATTS — €JIIEMEHTapHUN 00’eM
(ememenTapHa wapyHka). Byaemo BBaxkaTH, IO
€JIEMEHTapHUM € TaKUH MiHIMaTbHUN 00’ €M 1eMe-
HTHOi MaTpuIli OETOHY, IKUH Ma€ yci OCHOBHI Ba-
ctuBOCTI (Y TOMY 9MCII IIUIBHICTB) i MICTHTB yCi
piBHI cTpykTypu Matepiany. [Ipu npomy B 00’emi
KOJKHOT €JIEMEHTapHOI YapyHKH BUIUIUMO HEOI-
HopimHocTi («medexTu»), BIAMOBIAHI BEPXHBOMY
PIBHIO CTPYKTypu O€TOHY, a «Ae(eKTH» HWXKHIX
PiBHIB, sIKi BIiJHOCSTH OO M€30-, MIKpO- i cyOMik-
POCTPYKTYpH, Oy/IeMO BBaXKaTH PO3IOILIICHUMH 1O
BCBOMY 00’€My, TOOTO Marepial YapyHOK MiX
«aedexkTaMu» MaKkpOCTPYKTYpH HOAAEMO KBa3ioa-
HOPIJHHAM.
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Merta

BusHaueHHs THITIB 3B’SI3KiB, 10 YTBOPIOIOTHCS
y Moau(iKoBaHil IIEMEHTHIN MaTpulli OeToHy, Ta
OIliHKa SKOCTi IUX 3B’SA3KiB Y HEOJHOPITHOMY Ma-
Tepiami UIsi BH3HAYCHHS TCOMETPUIHHUX 1 (izuy-
HUX CIIBBIIHOIICHh MK CTPYKTYpOIO MOIH(iKa-
TOpIB 1 IEMEHTHOT MATPHIIi.

MeTtoanka

i TOCATHEHHS MOCTaBJICHOT METH BUKOHaHI
JIOCTIDKEHHS. MIiKPOCTPYKTYPH IHCIIEPCHO MOJIH-
(hikoBaHOI IIEMEHTHOI MaTpuIli OETOHY, MEXaHI3My
CTPYKTYpPOYTBOPEHHS MOIU(IKOBAHOI IEMEHTHOT
CUCTeMHU OETOHY HPUPOIHOTO TBEPIHCHHS; BU3HA-
YeHi METO/IU HalIHHOI OIIHKU MIITHOCTi OETOHY.

Pe3yabTaru

MogenbsHi OCHIIDKEHHSI CTPYKTYpPH OETOHIB
BUKOHYBasucs Oaratbma aBTopamu [1, 5, 6]. Po3-
BHBAIOTHCA Pi3HI YSBIEHHS, 10 MOAETIOIOTH CTPY-
KTypy OC€TOHY y BUIJISIII KaIliIApHO-TIOPUCTOTO
cepeIoBHILA, MPOHU3AHOTO HapaieIbHUMH LIITiH-
JPUYHUMM KaHajaMmd, a0 CHUCTEMH MOCHIiIOBHO
PO3TaIIOBaHMUX KAIiJISAPiB Pi3HOI JOBXKHUHHM 1 pi3HO-
ro JiaMeTpa, a TaKOX Y BUIJISAAI MPOCTOPY, 3alloB-
HEHOTO OJTHAKOBHMH KYIISIMHU 3 KyOi4HOIO a00 rek-
CaroHaJBHOI0 YITAKOBKaMH, ab0 TakKoio, IO Mic-
TUTh KOHTAKTYIOUl MiK COOOI0 OKTaeapH 3i 3piza-
HMMH BepuHami [3, 8, 9, 12].

Bigomo mognensHe Bimoopakenns [10], mo mo-
nae OCTOH y BUIJISI KBa3i0JHOPIAHOTO BUXIIHOTO
Cepe/IoBHUIIA, TPOHHM3AHOTO CUCTEMOIO Je(]eKTiB
(TpimpHamMH, mopamu, Kamijsipamu). TpiluHH mo-
TIIOTE 0€TOH Ha 130J1b0BaHI 00’ €MH, YMOBHO Ha-
3BaHi 3epHAMH, IPUUOMY IEPEHIMAKU MiX 3epHa-
MU, TIPUHHATI YMOBHO cdepuyHOi (OopMH, yTBO-
PIOIOTH «3B’SI3KU», SKi (OPMYIOTH Yy MPOCTOPi Op-
TOTOHAILHY CHCTEMY, IO CIIpHIMAE HaIpy KEeHHs
po3rsary y Oertoni [2, 11]. Taka mMojens A03BOJSE
BCTaHOBHUTHU 3aKOHOMIPHOCTI KPUXKOTO
1 TICEBIIOKPUXKOTO pPyHHYBaHHS OCTOHY 3 ypaxy-
BaHHSIM BIUIMBY Ha IIi MPOLECH MacIuTaOHOro ¢ax-
topa [14, 15]. Macmrrabuwuii haktop HabyBae icTo-
THOTO 3HAYCHHS MPU MOJICTIOBAHHI CTPYKTYpH Oe-
TOHY Ha MOAN(iKOBaHiil leMeHTHii cuctemi [13].

Buknukae iHTepec MoaeIb MPOCTOPOBOI CTPYK-
TypH IEMEHTHOI MaTpHIli 0eToHy, Moan(iKoBaHOT
NUISIXOM JUCIIEPCHOTO apMyBaHHs KpUCTaIOTipa-
tamu. [lpu 1OMYy, HaAmNeBHO, CIiJ  WTH

HE BiJ] TCOMETPHIHOTO «00pa3y» MPOCTOPOBOI MO-
JeTi 10 CTPYKTYpH MoAudiKyBaHHS, a BiJ aHATI3y
CTPYKTYpPHU LEMEHTHOI MaTPHI A0 T€OMETPUIHOTO
«00pazy» Mozen Moau(]iKOBaHOTO MaTepialy.

Y 3amportoHoBaHiil MOIeNi CTPYKTYpH MOIU(i-
KOBAaHOTO Marepiajly BHUXITHHUM 00 €KTOM JOCIIi-
JOKEHHSI € CYKYITHICTh elleMeHTapHHX 00’ eMiB (4a-
PYHOK) IIEMEHTHOI MaTpHIIi Ta CHCTEMa MPOCTOPO-
BOT'O PO3MOAUTY y IUX 00’€Max apMyl4HuXx KpuUC-
tanorimpariB. BoueBuap, HaiiOuIbInI HeOe3meuHi
nedeKTH y BUTIAAL TPIIUH B 00’ eMi OETOHY mpH
Horo TBepAaHEHHI (HOPMYIOThCS Yy pe3yJbTaTi BU-
HUKHEHHS BHYTPIIIHIX HAMpPyeHb, TOJIOBHUM YH-
HOM, Y 30HI KOHTAaKTy IIEMEHTHA MATpPHUIII — 3aro-
BHIOBaY a00 B 00JiacTi, M0 MEXY€E 3 HAWOLIBII
KpYITHUMHU Mopamu OeToHy. Mo)kKHa BBa)kaTH, IIO
KOHTAaKTHI TPIIUHU TpPH iX BUHUKHEHHI MAalOTh
pPO3MipH, CIIBMIpHI 3 po3MipaMH MaKpOCKOITIYHUX
HEOJTHOPIHOCTEH IeMeHTHOi marpwuii. Ha mexi
3 HEOJHOPIZHOCTSIMU MpPU CHIIOBHX BIUTMBax (op-
MYEThCS, SIK MPABWIIO, HAHOUTBII IHTEHCHBHE TOJIE
HaNpy>XeHb, 37aTHE JI0 HECTIHKOTO IOIIUPEHHS
TpiuH B 00’€Mi OETOHY BiJ OAHOTO HEOJHOPIJHO-
ro BKJIIOYCHHS JO IHIIOTO. 3aBJaHHs MOJISrae
y OJIOKyBaHHI 3pOCTaHHS, TIEPII 3a BCE, KOHTAKT-
HUX TPILUH.

[punyctumo, mo HeomHOpimHOCTI y OeToHi
3HAXOMITHCS TPAKTHYHO B ileaTbHOMY Oe3mai.
V Takiil cUCTEMI 3 TOCTATHHO BEJIIMKOI KIIBKICTIO
HEOJTHOPIIHUX BKIIFOYCHb MaKPOCKOIMUHUHN Oe3maj
MOBHUHEH 33JI0BOJIbHATH BUMOTaM MOCTIHHOT IIiJThb-
HOCTI PO3MOIiTY, TOOTO MOXHA ySBUTH, IO KiJlb-
KICTh HEOJIHOPIAHOCTEH 3epeH 3allOBHIOBAYA, IO,
IO TIPUXOMAATHCS HA KOXHY €JIEMEHTapHY OJIMHH-
1110 00’ €My IIEMEHTHOI MaTpHIli OETOHY, OyIe IpH-
ONM3HO OJHAKOBOIO 1, OTKe, OyIb-sIKHiA oOMexe-
HU 00’eM OETOHY, IO MICTHTH TEBHY KIUTBKICTbH
MaKpOCKOIIYHAX HEOJHOPITHOCTEH, MOXKHa 0Oe3
HeOe3leYHUX HACIIAKIB 3aMIiHUTH aHaJIOTIYHUM
00’eMoM, y34THM 3 Oyab-sKOi iHIIOI YaCTHHU 3pa-
3ka. Taka curTyamis J03BOJSE HAamaTH CHCTEMi
3 HEYIOPSAKOBAaHUM aHCAMOJIEM HEOTHOPITHOCTEH
MEBHY PETYJSIPHICTh Y BUTIISII MOJENTI 3 eJeMeH-
TaMH CTPYKTYPH, 1[0 MAIOTh CTATHCTHUYHY OJHOPI-
JTHICTb.

SIKIIO YSBUTH MaKpOCKOMIYHI HEOJHOPITHOCTI
0eTOHY y BUIISAJI KyJib, IO XaOTHYHO, aJie¢ OIHOPI-
JTHO 3aIOBHIOIOTH MPOCTIP, 1 TPOBECTH BEKTOPH, 110
3’€HYIOTh IIEHTP KOKHOI HEOIHOPITHOCTI 3 IICHT-
paMu HalOMMKYMX CYCifiiB, a TIOTIM Yepe3 cepeau-
HH BEKTOPIB MEPIEHIUKYJISAPHO iM MPOBECTH ILIO-
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IMIUHA, TO 00’eMH, OOMEXEHI IIMMHU IUIOIMHAMH,
OyayTh SBJIATH COOOO JesKy OaraTorpany Qirypy
Ha KIITAIT MOJieApa, XapaKTepHOTO Uil CHCTEM
3 HEBIIOPSIIKOBAHOIO OPTaHi3alLi€l0 CTPYKTYPH.

OTpumaHuii 6araTOrpaHHUK TOaMO Y BHTJISI
eJIIEMEHTapHOI YapyHKH MaKpOCTPYKTYpH OCTOHY.
VY peanbHux 6eToHax (HABITh Y OHOMY CKIIaJi) He
MO>XHAa OTPHMATH a0COJIOTHO iICHTHYHI OJWH OJ-
HOMY eJIeMEHTapHI YapyHKH MakpooO’eMiB. Aue,
OCKUIBKH Y KOKHOMY 3 IIMX 00’ €MIB y BiIIIOBiTHO-
CTl 3 MPUHHATHM AOMYIICHHSIM € MaKpOCKONiYHa
HEOJTHOPIIHICTh, OTPHUMAaHa €JIEMEHTapHA YapyHKa
HE MOXE ICTOTHO Bipi3HATHCA BiJ CHMETPUYHUX
1 KOHTpYeHTHHX 00’eMHUX Qiryp, ycepemHeHHX
y peabHOMY Matepiai.

MoxHa ysSIBUTH Pi3Hi BapiaHTH T€OMETPUIHOTO
BiJOOpa)KEHHSI €JIEMEHTapHUX YapyHOK CTPYKTYPH
0eTOoHY 1 X MPOCTOPOBOTO PO3MOALTY B 00’ €Mi Ma-
Tepianmy: BiJ HaWOUIBII MIUIBHUX YIAaKOBOK, Ha-
MPUKIIA], Y BHUIJIAMI POMOIYHUX JOAEKAaeIpiB, IO
HAUMIPOCTININX MPOCTOPOBUX PEIITOK 3 KyOiYHUM
po3moaiioM. XapakTep MPOCTOPOBOTO PO3MOMILTY
1 BUJ eleMEHTapHUX YapyHOK BH3HAYAIOTh BaXIIH-
Bi T€OMETPHYHI MapaMeTpH CTPYKTYpH, 30Kpema
(hIKCYIOTH BiJICTaHI MiXK HEOIHOPIMHOCTSIMH Y TIe-
MepeTHHAX MaTepialy, IO MOJENIOEThes. SIKIIo
BiJIOMi JliaME€TPU MaKpPOCKOIIIYHUX HEOJHOPITHOC-
Tel, MO’KHa BU3HAYUTH KUTBKICTh MaTepialy, IIo
NpUNANAE HA KOXKHY HEOIHOPIAHICTD. LIS KITbKICTh
Oyze BiIMOBiZaTH ycepenHEHiIH BeMWYMHI 00’eMy
eJIEMEHTapHOI YapyHKH MaKpOCKOMIYHOT HEOAHO-
pimHOCTI, 00’€MHOMY BMICTY HEOJHOPIMHOCTEH Ha
PiBHI MaKpOCTPYKTypH OCTOHY Ta AiaMeTpa HeoJ-
HOPIIHUX BKJIIOYCHb.

Takox MOXHa TIPOTHO3YBATH Pi3HI BapiaHTH
po3MoniTy MOTUQIKYIOUMX apMyHOUUX KpUCTAJO-
rizpatiB B 00’eMi eneMEHTapHUX YapyHOK LeMeH-
THOT MaTpHIIi.

BBenemo mosiokeHHs Ipo HEOOXiTHICTh Yepry-
BaHHS 3 TIEBHUM KPOKOM MAaKPOCKOIIIYHHUX HEOI-
HOPITHOCTEH 1 TEOMETPUYHUX IEHTPIB MOAUDIKY-
FOUMX KPUCTAIOTIAPATIB M0 HAWKOPOTIIUX 3 MOXK-
JIUBUX BIJICTaHEH MK HUMH, TOMY IO HaHOLIbII
WMOBIpHE TIOIIMpPEHHS TPIIIMHU BiJ OJHiET HEOx-
HOPITHOCTI O 1HIOiI Ma€ MPOTIKATH B HAIPSIMKY
HaWMEHIOI BiACTaHI MK HHUMH, II[O BIAIOBIiZac
MiHIMyMYy €HEpreTMYHUX BHTpAT, HEOOXiAHUX
y uijoMy aisi pyiHyBaHHS Martepiany. Llei nepion
yepryBaHHs (TpaHCIALT) BU3HAYAE V 3HAYHIN Mipi
piBeHb QHCIEPCHOCTI MOAN(IKYIOUUX KPUCTANOTI-
JIpaTiB.

[pyHTYIOYHCh Ha LLOMY IIOJIOKEHHI, po3Mic-
TUMO IIEHTPU KPUCTAJOTiAPaTIB y LEHTPi KOXKHOI
rpadi OararorpaHHux (iryp, mo OOMEXYIOTb
00’eMu eneMeHTapHUX YapyHOK Oetony. JIiHii (Be-
KTOpH), IO 3’€IHYIOTh IEHTP KOKHOI HEOTHOPII-
HOCTI 3 LEHTpaMU HaWOIMKYMX CYCIAIB, MPOXO-
JIITh 4Yepe3 LEHTP KOXKHOTO 3 KPUCTAIOTiIpaTiB.
Sxmo 3aMiHWTH OaraToTpaHHUK —€JIeMEHTapHOI
YapyHKH CYKYIHICTIO JIiHii (BEKTOpiB), 110 BHUXO-
JIITh 3 IIEHTPY KOXHOI HEOJHOPITHOCTI 10 BiAIO-
BiJTHOTO TIEPETHHY 3 LEHTPaMHU KPUCTAIIOTiIpAaTiB,
OTPHMAaEMO TIPOCTOPOBE BiHOOpa)KeHHS MoOAeNi
y BUTJIS/II TOJSIPHOTO KOMIUIEKCY. PiBeHb aucnep-
CHOCTI MOJU(}IKYyIOYOTO apMyBaHHsS KPHUCTAJIOTi[-
paTy IeMeHTHOI MaTpHIli OETOHY y 3alpOIIOHOBa-
HIA MoOJeNl BIJIOBIJA€ PIBHIO JUCIEPCHOTO PO3-
MOy MaKpOCKOIIIYHUX HEOJHOPITHOCTEH B 00 €-
Mi Marepiany. I[lomiOHa Mozenb po3TalTryBaHHS
LEHTPIB KPHUCTAJOTIIPAaTiB ONTUMAaJbHA 3 TOYKH
30py CTBOpPEHHS MEPEMIKOA U PO3BUTKY TPIILUH
MiX HEOJHOPITHOCTSMH B 00’ €Mi OETOHY.

MikpocTpyKTypa HOBOYTBOPEHb JHCIIEPCHO
MOIM(piKOBaHOI IIEMEHTHOI CHUCTEMH JIOCIIKyBa-
Jacs Ha 3pas3KkaX, MPHUTOTOBJICHUX 3 TEOPETHYHO
pO3paxoBaHOI0 KUTBKICTIO BOAH, HEOOXITHOIO IS
MPOEKTHOTO CTymeHs Tifpatamii. CrnocTepekeHHs
3a JIOIIOMOTOI0 CKaHYIOUOTO €JIEKTPOHHOTO MiKpo-
CKOITa BUKOHAHI Ha MTOBEPXHAX 3JIaMiB, OTPUMaHUX
NPU PO3PHBI BHCYIIEHUX 3pPa3KiB, MOKPUTHX IIa-
poM craBy, mo ckianaerbes 3 60 % Au i 40 %
Pd. Pe3ynbTatu TOCTIKEHb TO3BOJMIN BUCYHYTH
TaKy TiOTE3y PO3BUTKY MIKPOCTPYKTYPH MOAMi-
KOBaHOT IleMeHTHOi cuctemu. Kpucranorigpatu
MIBUJIKO POCTYTh y MPOCTOPI MiXK YaCTUHKAMU JIU-
CIIepcHOTro apMyrodoro Moaudikaropa. MexaHiune
3YeIJICHHs, [0 BUHUKA€E B PE3yJbTaTi IBOTO, 3Yy-
MOBJIFOE€ PO3BUTOK MOYATKOBOI MIITHOCTI i KOpPCT-
KocTi. OCKUTPKH BiJILHOMY POCTY KPHCTAIliB Tiepe-
HIKOJKae Opak MpocTopy, KPUCTAIN B3a€EMHO TPO-
POCTal0Th, YTBOPIOIOYM IIUIBHY CTPYKTYpy, SKa
3YMOBIIIOE€ 3POCTAaHHSI MIIIHOCTi. YTBOPEHHS TOII-
JaCTHX KPHUCTAJIIB HE PO3TIIAIAETLCS IK Oe3yMOBHA
BUMOTa JJIs 3aTBEP i HHS.

MIiIHICTh 3aJIeKUTH BiJl YTBOPEHHS MPOIYKTIiB
peaxinii, Mo 3almoBHIOIOTh BiUIBHUEH mpocTip. Lle
NPU3BOAUTH A0 (HOPMYBaHHS IMITBHOI MIKpOCTpPY-
KTypHd 3 MiHIMalIbHOIO NOpHCTicTIO. BoueBump,
CIpUs€ BOMY XapaKTEpHE 3POCTaHHS TONYaCTHX
1 HUTKOTIOMIOHUX KpHcTaniB. HapocTaHHS MilTHOC-
Ti MOoaHM(]iKOBaHOT IEMEHTHOI CUCTEMH HAaBEJCHO
Ha puc. 1.
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Puc. 1. Kinetuka 3MiHH MIITHOCTI IIPH CTHCKY IIEMEHTHOI MaTpHIli OETOHY

Fig. 1. Kinetics of changes in the compressive strength of cement concrete matrix

VY nOoCHiKEHHSIX BUKOPHCTAHUI MOPTIaH/Le-
meHT M 500. Pi3Huns B HapocTaHHI MIIHOCTI oue-
BruaHa. OCKUTPKM HEMAa€E MOMITHOI 3MiHH y MIiKpo-
CTPYKTYpi, 3MEHIIIEHHST MIITHOCTI 3pa3kiB Moaudi-
KOBaHOI IIEMEHTHOI CHCTEMH, SIKE TUMYACOBO BiJl-
OyBamocs y Bimi 1 pgo0m, MOXHa TOSICHUTH
HamNpy>XeHHSAM TIPH PO3TATY, BUKIUKAHUM yCa-
KOIO, III0 CrocTepiraeTecs uepe3 1 100y TBepi-
HeHHsS. PaHHe HapocTaHHS MIIHOCTI 3pa3KiB MO-
nuGiKoBaHOI IEMEHTHOI CUCTEMH y mepimi 24 rof
3HAXOJUThCS y BIJMOBIAHOCTI J0 CIIOCTEPEIKEHb,
BUKOHAHMX 3a JIOTIOMOTOK) CKaHYIOYOTO EJIEKTPO-
HHOTO Mikpockoma. llosBy mepmmx TromxgacTux
KPHUCTAJIIB BHUSBJICHO 4epe3 2 TOJ IICIsi MPUIOTY-
BaHHS MOAU(DIKOBAHOI I[EMEHTHOI CUCTEMH, MEPII
HiX cucTeMa noJana Habupatu MinHicTh. J{o 4 rof
picT KpucTaiiB 3HaYHO 30inpImmBCS. Hamami Mik-
POCTPYKTypa He IoKa3aja 3MiH, 32 BUHATKOM IIO-
CTYTIOBOTO 3MEHIIICHHS TTIOPUCTOCTI.

HaykoBa HOBH3Ha Ta MPpaKTHYHA
3HAYUMICTD

BcranoBneHnii MexaHi3M PO3BHTKY IpOLECY
(opMyBaHHSA TOYATKOBOI MIITHOCTI 1 JKOPCTKOCTI
Moau(iKOBaHOI IEMEHTHOI MAaTPHINl 332 PaxyHOK

HIBHJKOTO POCTY KPUCTAJOTiApaTiB y MPOCTOPi
MDK YaCTHHKaM{ AMCIEPCHOTO apMyIO4YoTr0 MOJU-
¢ikaropa. OCKUTBKM BUIBHOMY pPOCTY KpPHCTAIiB
HepenIKokae Opak MpocTopy, KPUCTATIH B3aEMHO
NPOPOCTalOTh, YTBOPIOIOYH WIJIBHY CTPYKTYDPY,
SIKa 3yMOBIIIOE€ 3pOCTaHHS MIIHOCTI.

Hucnepcae momudikyBaHHS IIEMEHTHOI Mart-
PHIIi T03BOJISIE OJIep)KATH JTOBTOBIYHI OSTOHU CIie-
iaJIbHOTO TPU3HAYCHHS 3 MPOSKTHUMH EKCILTya-
TallifHUMH BJIACTUBOCTIMHU. Po3pobireHa TexHoIIo0-
rist IMCTiepcHOro MoAu(iKyBaHHS B’sSHKYy4Ol pedo-
BUHHW, BCTAHOBJICHI OCOOJMBOCTI  MeEXaHi3My
CTPYKTYPOYTBOPEHHSI MOIU(]IKOBaHOI IEMEHTHOT
CHCTEMH, a TaKOX BHKOPHCTAHHS MPHHIUITY KOH-
TPYEHTHOCTI KOMILJIEKCY TEXHOJIOTIYHUX BIUIHMBIB
(i3UKO-XiMIYHUX MPOIECIB TigpaTaii KIiHKEPHUX
MiHEpaTiB TO3BOJIMIA PO3POOUTH TEXHOJOTIUHI
OCHOBU OETOHIB creliaipHOro npusHaueHHs. Lle
CHpUsie PO3IIUPEHHIO HANpsIMKIB BUKOPUCTAHHS
Monn(pikoBaHUX OETOHIB y pi3HHX BHAaxX OyIiBe-
JHHOTO BHUPOOHHWIITBA, HANPUKIAM ITiIBUIICHHS
B’SDKYUYOTrO MOTEHIiady LEMEHTY Y BUCOKOMIIIHUX
0OeToHax, BUKOPHCTAaHHS MOAN(DIKOBaHUX I[EMEHT-
HUX CHCTEM B OCOOJMBHUX yYMOBax IIiBOJHOTO Oe-
TOHYBAHHSI 1 PEMOHTY PI3HUX CHOPYA, TOPKpETY-
BaHHS Ta iH. Y MEPCIEKTUBI AucriepcHe Moaudi-
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KyBaHHS J03BOJISIE PO3POOMTU IPUHLIUIIOBO HOBY
MTHEBMOCTPYMUHHY TEXHOJIOTiI0 OETOHHHMX Ta ap-
MOOETOHHUX BHUPOOIB, IPH SKill BAKOPUCTOBYETHCS
KiHeTHMYHA €Hepris MacH, L0 PyXa€ThCs, BUKIIIO-
YJAEThCS TPOIIEC MPHUTOTYBaHHS OCTOHHOI CyMiImi
1 3’ABNSAETHCS MOXIUBICTH (HOpMYBaHHsI BUPOOIB
ckiamHoi KoH(iryparrii.

BucHoBku

1. 3anponoHOBaHO MOAEIH MPOCTOPOBOI CTPYK-
Typu Moan(iKyBaHHS LEMEHTHOI MaTpuli OeToHy
IIISIXOM JHCIIEPCHOTO apMyBaHHS KpHCTaJIOTipa-
TaMu. BuxigHum 00’ €KTOM JOCHIKCHHS € CYKyTI-
HICTh €JIeMEHTapHHX 00’eMiB (YapyHOK) IIEMEHT-
HOI MaTpHIli Ta CHCTEMa IPOCTOPOBOTO PO3MOALITY
B IIMX 00’€eMax apMyIOYuX KpHCTaJIOTiApaTiB.
BcranoBiieHo, 1m0 HaiOinbm HeOe3neuHi AedeKTr
y BUTIISAI TPIlIUH B 00’ €Mi OETOHY P TBEPIHEH-
Hi QOpMYIOTBCS y pe3yJibTaTi BUHUKHEHHS BHYT-
pIlIHIX HANPY>KEHb, TOJIOBHAM YHHOM, Y 30HI KOH-
TaKTy LEMEHTHa MaTpulsl — 3amoBHIOBaY abo
B 00JIaCTi, IO MEeXY€ 3 HAWOIIbII KPYTHHUMH TIO-
pamu OeTOHY .

2.PiBenp nucnepcHocTi Moau(iKy4oro ap-
MyBaHHSI KpHCTAJIOTipaTaMH [IEMEHTHOI MaTpHIi
OCTOHY y 3alpOoIIOHOBAHIN MOJIENI BiAIMOBIIA€E piB-
HIO JIMCTIEPCHOTO PO3MOJiTy MaKpOCKOMIYHHUX He-
oIHOpiAHOCTEH B 00’eMi Matepiany. [loniOHa mo-
Jle’Ib PO3TaIlyBaHHS IIEHTPIB KPUCTAJIOTiApPAaTiB
ONTUMAaJIbHA 3 TOYKH 30py CTBOPEHHS MEPEIIKOJ
JUIL PO3BUTKY TPIMMH MK HEOAHOPIAHOCTSIMH
B 00’emi OeToHY.
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BETOH HA OCHOBE JIMCITEPCHOXA MOJAU®UIIMPOBAHHOU
INEMEHTHOM CUCTEMBI

Heanb. B HayuHO# cTaThe HEOOXOIUMO PACCMOTPETh OIPEAEICHHE TUIIOB CBSI3eH, BO3HUKAIOIINX B MOAUDUIIN-
POBAaHHOM LIEMEHTHOM MaTpulle OETOHA, M OLICHKY KayeCTBa ATUX CBA3€H B HEOZHOPOIHOM MaTepHaie AJs olpene-
JICHUSI TEOMETPUYECKUX U (PU3NUYECKUX COOTHOIICHUH MEXly CTPYKTYpOH MOAN(DHUKATOPOB U LIEMEHTHOW MaTPHIIBI.
Metoanka. /{11 qOCTHIKEHHS TTIOCTABJICHHOW LIENU MTPOBECHBI UCCIIEA0BAHUS MUKPOCTPYKTYPBI JUCIEPCHO MOAH-
(UIMPOBaHHON LIEMEHTHOI MaTpHIbl OETOHA U MEXaHH3Ma CTPYKTYpooOpa3oBaHUs MOIU(PHUIMPOBAHHON LIEMEHT-
HOH cHCTeMbl OETOHAa €CTECTBEHHOro TBepAeHHs. OmpeneseHbl METOAbl HaJeKHOW OLEHKH NPOYHOCTH OEeTOHa.
Pe3yabTaTsl. ABTOpaMH NpeIoKEHa MOJENb IPOCTPAHCTBEHHON CTPYKTYPHI IIEMEHTHOH MaTpHIlbl O€TOHA, MO~
(unypoBaHHON IyTEM AMCIEPCHOTO apMHUPOBAHUS KpHCTAJUIOTHIpaTaMu. MCXOAHBIM OOBEKTOM HCCIIEAOBAHUS
SIBIIETCS. COBOKYITHOCTH 3JIEMEHTAPHBIX OOBEMOB (MYC€K) LEMEHTHOW MATPHUIBI M CHCTEMa MPOCTPAHCTBEHHOTO
pacmpezieneHrs B 9TUX 00beMax apMUPYIOIIUX KPUCTAJUIOTHAPATOB. Y CTAaHOBJIEHO, YTO HanboJiee onacHble nedex-
TBHI B BHJC TPELIMH B 00beMe OeTOHA NPU TBEpACHUH (GOPMUPYIOTCS B pe3ysbTaTe BOSHUKHOBEHHSI BHYTPEHHUX Ha-
NPSDKEHUH, TIaBHBIM 00pa3oM, B 30HE KOHTAaKTa LIEMEHTHAs MaTPHLa — HATIOJHUTENb, WM B 00JIaCTH, TpaHUYAILCH
¢ HauOoJiee KpyHBIMU 1opamu OetoHa. Hayynass HOBH3HA. Y CTaHOBJIEH MEXaHU3M Pa3BUTHS Ipoliecca GOpMHpPO-
BaHMsl HAa4YaJIbHOW MPOYHOCTH M YKECTKOCTH MOJIU(PUIMPOBAHHOW IIEMEHTHON MaTpHIBI 32 CUET OBICTPOro pocra
KPHUCTAJUIOTHPATOB B IMPOCTPAHCTBE MEXK]Yy YaCTHUI[AMU JUCIIEPCHOTO apMupymouiero Moaudukaropa. Ilockonbky
CBOOOJIHOMY POCTY KPHUCTAJUIOB MPEISITCTBYET HEJOCTATOK IIPOCTPAHCTBA, KPUCTAUIBI B3AUMHO IIPOPACTAIOT, 00pa-
3ysl IUIOTHYIO CTPYKTYpY, KOTOpasi o0ycioBiuBaeT poct npodyHoctH. IIpakTudeckasi 3HaYMMoOcThb. JucriepcHoe
MO (UIIPOBAaHHE [IEMEHTHOW MaTPHIBI MO3BOJISET MOJYYUTH JIOJITOBEYHBIE OETOHBI CHEUAIbHOTO Ha3HAYCHUS
C MPOCKTHBIMH 3KCIUTyaTallMOHHBIMH CBOMcTBaMH. Pa3zpaboTaHHas TEXHOJOTHS IUCIIEPCHOTO MOAM(MUIMPOBAHUS
LIEMCHTHOW CHUCTEMBI, YCTAHOBJICHHBIE OCOOCHHOCTH MEXaHH3Ma €€ CTPYKTypoOoOpa3oBaHHMs, a TAKKe UCIIONB30Ba-
HHE TPUHIMIA KOHTPYIHTHOCTH KOMILIEKCA TEXHOJOTHYECKHX BO3ICHCTBUI (PU3HUKO-XMMHYESCKHM MPOLECcCaM THI-
patanuy KIMHKEPHBIX MUHEPAIOB MO3BOJNMIHN Pa3paboTaTh TEXHOJOTHYECKHE OCHOBBI OETOHOB CHEHATFHOTO Ha-
3HAYEHUS.
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CONCRETE BASED ON MODIFIED DISPERSE CEMENT SYSTEM

Purpose. The article considers definition of the bond types occurring in a modified cement concrete matrix, and
the evaluation of the quality of these links in a non-uniform material to determine the geometrical and physical rela-
tionships between the structure and the cement matrix modifiers. Methodology. To achieve this purpose the studies
covered the microstructure of dispersed modified concrete cement matrix, the structure formation mechanism of the
modified cement concrete system of natural hardening; as well as identification of the methods of sound concrete
strength assessment. Findings. The author proposed a model of the spatial structure of the concrete cement matrix,
modified by particulate reinforcement crystal hydrates. The initial object of study is a set of volume elements (cells)
of the cement matrix and the system of the spatial distribution of reinforcing crystallohydrates in these volume ele-
ments. It is found that the most dangerous defects such as cracks in the concrete volume during hardening are
formed as a result of internal stresses, mainly in the zone of cement matrix-filler contact or in the area bordering
with the largest pores of the concrete. Originality. The result of the study is the defined mechanism of the process
of formation of the initial strength and stiffness of the modified cement matrix due to the rapid growth of crystallo-
hydrates in the space among the dispersed reinforcing modifier particles. Since the lack of space prevents from the
free growth of crystals, the latter cross-penetrate, forming a dense structure, which contributes to the growth of
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strength. Practical value. Dispersed modifying cement matrix provides a durable concrete for special purposes with
the design performance characteristics. The developed technology of dispersed cement system modification, the
defined features of its structure formation mechanism and the use of congruence principle for the complex of tech-
nological impacts of physical and chemical processes of hydration of clinker minerals allowed developing techno-
logical bases for special-purpose concrete.

Keywords: cement matrix; disperse modification; structure formation; concrete
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— IParnii — Jlinensiiinuit noroeip (Binckanosanuii). Hasea daitny — Ivanov_II_dogovir,jpg. Tekct no-
rosopy: http://library.diit.edu.ua/HTMLs/scientists/Vumogu/license.doc.

2. lnsa apyxosauoi indopmanii. /lo penaxiii HapawoTeca ocobHcTo ad0 HACHIAIOTECA NOLUTOK TaKi MaTepia-
mu: 1) nBa ApyKOBaHHMX MPUMIPHHKH PYKOIIHCY 3 MiJMHCaMH BCIX CIIIBABTOPiB Ha OCTAHHBOMY apKyuli pobGoTH;
2) opurinan JliteH3iiHOro JOroBOpy 3 MiAMHMCAaMH BCiX CHIBaBTOPIB; 3) OPHTiHAT eKCIIEepPTHOrO BHCHOBKY; 4) peko-
MeHalis 10 IpYKY 3a MiANUCcOM BiNOBigansHOro penakropa po3ainy (mus cnispoditaukis JHY3T).

BianosizaneHicTe 3a 3MicT cTaTTi, NPABHJIBLHICTH, TOYHICTE i KOPEKTHICTE LHMTYBAHHH, NOCH/IAHB
Ta nepeKJ/iajy NOKIaAacThCA HA ABTOPIB.

OcraTouHe pilieHHs Moa0 MyOJikauil yxBamioe pejakuiiiHa Kojeris xypHasy.
Crarri, BiAxu/eHi pejakuiiiHoI0 KoJericio, NoBepTAITLCH ABTOPaM /ISl AOONPALIOBAHHS.
»

IllanoBHi aBTOPH, 3aNPOMYEMO 10 cNiBpoGIiTHUIITBA!

3 nuTaHb ony0JiKyBaHHA 3BepTaiiTecs 10 peaakuii sKypHaJy 3a ajpecoro:
HaykoBo-TexHiuHa 6ibnioTeka (ayn. 166),
JIHinponeTpoBchKMi HalllOHATBLHHI YHIBEPCHUTET 3a/Ii3HHYHOrO TPAHCIOPTY iMeHi akaneMika B. Jlazapsua,
By JlazapsHa, 2,
M. JIHIMpOMEeTPOBCHK,
VYkpaina,
49010
e-mail: visnik@diit.edu.ua
Anpeca caiity sxypHany: http:/stp.diit.edu.ua/
3 nUTaHb NPHADAHHA NPHMIPHHKIB KypHaATy TeledoHyiiTe 3a HomepoMm (056) 776 90 59 ['pinacora A. B.
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INAHOBHI KOJIEI'H!

B xypHaui po3nouyaro nmy6ikauito crarei, pe-
KOMEH/IOBAHUX JI0 JIPYKy HayKOBHUMH KOMiTE€TaMH
Mi>KHApOAHMX HAayKOBMX KOH(epeHILiii, 3a TaKuMH
HarnpsaMKaMu:

[TpoGnemMu Ta mepcneKTHBH PO3BMTKY 3a-
JI3HUYHOrO TPAHCMOPTY.
[TpobneMu MexaHikM 3ai3HUYHOIO TpaHc-

TOPTY.

ITpo6GnemMu eKOHOMIKM TPaHCTIOPTY.
ExonoriuxHuii iHTeNneKT.

Besrneka pyxy i HayKoBi 3acamu eKkcriepr-
HUX JIOCII/DKeHb TPAHCIOPTHUX NPUIOJ Ta iHxKe-
HEpHHUX CIIOpY 1.

3anpoimyemMo OpraHizaTopiB MiXKHapOAHUX Ha-
YKOBHMX 3aXOJiB A0 CHiBIpalli 3 METOI ONPHIION-
HEHHsl HalOinblI BaroMMX HAYKOBHX pe3yJIbTaTiB.

* %k ok

Tak, 9—-11 Bepecns 2015 p. y micti JIbBOBI Biz-
oynacs MixHapoJHa HAYKOBO-TIpaKTHYHAa KOH{e-
peHuia «be3neka pyxy i HayKoBi 3acajau eKcnepr-
HUX JOCIi/DKeHb TPAHCIOPTHHUX MPHUIOJ Ta iHXKe-
HEpPHHX CHOPY/JA», NPUCBAYEHA HOKTOPY TEXHIYHMX
Hayk Cokony Enyapny MukonaiioBudy i opra-
HizoBaHa JIHiNponeTpOBCHKHM HalliOHAIBHUM YHi-
BEPCHUTETOM 3ali3HUYHOIO TPAHCHOPTY iMeHi aka-
neMika B. Jlasapsna, VYkpszamizuuueto, JIbBiB-
cekoro ¢iniero AlITy Tta JIbBiBCBKMM HayKOBO-
JIOCTTiTHAM IHCTHTYTOM CYJOBHUX E€KCIIEPTH3.

VY koH(epeHLil B3:10 yyacTs 125 HayKOBLIiB Ta
crnenianictiB 3 26 opranisauifi, y TOMy uHCIi:
18 mokTopiB Hayk, npeiactaBHUKH MiHicTepcTBa
indpacTpykrypu, MinicTepcTBa focTHuii, Ykp-
3aMi3HUII, BUIIMX HABYAIBHUX 3aK/IajiB, HayKo-
BHUX Ta HayKOBO-[AOCHiHHX YCTaHOB 1 miA-
npuemcTB Ykpainu, Himeuunnu, Jluteu, Bipmenii
Ta [NonsLui.

Ha ruieHapHuX Ta CeKUiMHMX 3acilaHHAX 3a-
cnyxaHo 70 monogijeil 3 nuTaHp NiABUIIEHHA Oe3-
MeKu pyxy, METOAMKH Ta METOJOJIOriT eKCIIePTHHUX
JOCIHIDKeHb PYXOMOro CKjaagy 3ali3HHllb, aBTO-
TPaHCMOPTHUX 3aco0iB, iHXKEHEepHUX Cropya, Mij-

BHILEHHS 1X eKcIulyarauiiiHoi HagiiiHocri Ta 6es-
MEeYHOCTI, OLIHKM €KOHOMiuHOI e()eKTHBHOCTI 3a-
MPOMOHOBAHUX 3aX0/iB.

Ha xondepenuii BiAMideHO, IO NPIOPHTETHUM
HanpssiMOM PO3BHTKY TPaHCIMOPTHOI ramysi € 3a-
Oe3neuenns Oesnekw. Y JaHOMY aclekTi BayIIH-
BUM € MpodinakTHYHa pONb €eKCNEepTHUX OCHi-
JUKeHb BHIIAJKiB TPAaHCMOPTHUX MNpuroja. Perens-
HWI HayKOBHIf aHai3 NPUYMH, 110 NPH3BOAATH 10
TPAHCMOPTHUX TPHUrOJ, I03BOJIE€ PO3pOOUTH pe-
KOMEHJamil 3 HeAOMyILleHHA iX y MalibyTHboMy,
BHOCHTH 3MIHM Y HOPMAaTHBHi JOKYMEHTH, YIO-
CKOHAIIOBATH KOHCTPYKILiIO TPAHCINOPTHUX 3aco-
0iB Ta iHXKeHEepPHHX CIIOpYL.

e ok ok

25-27 tpaBus 2016 p. y JIHinponeTpoBCEKOMY
HalliOHATLHOMY YHiBEpCHUTETI 3ali3HUYHOr0 TpaH-
crnopTy iMeHi akagemika B. Jlazapana BinOynace
XIV MixuapoaHa HayKOBO-Te€XHiYHa KoHdbepeH-
st «IIpobnemMn MexaHiK{ 3a1i3HMYHOrO TPaHCIIO-
pry. Besneka pyxy, AMHaMmika, MillHiCTb pyXOMOI0
cknaay Ta eHeprosOepexkeHHs». KondepeHuis
MPOBOJMTECS KOXKHI 4 pOKM 3a y4acTiO IpeJacTaB-
HUKIB BHIIMX HaBYAILHUX 3aKIaliB i HAYKOBO-
JNOCTIAHUX IHCTHUTYTIB, 3ali3HHLb, JIOKOMOTHBO-
i BaroHoOyniBHMX 3aBoAiB OaratboXx KpaiH CBITY.
Ile miaTBepmKy€e 3aLliKaBlIEHICTh BHPOOHUYHHUKIB
y HOBHX TEXHOJIOTifIX i HAYKOBHX po3pobkax, mo-
B’A3aHUX 3 POOOTOI0 3alli3HHYHOIO TPAHCIIOPTY.
O6MiH 3HaHHAMM 1 JOCBIZIOM BYEHHX Ta iHMKEHE-
piB, ki NpenCcTaBNAIOTb HAYKOBI WIKONM Pi3HUX
KpaiH, ocoONMBO BaXKJIMBI B yMOBax iHTepomnepa-
OenpHOCTI, TII0DANi3allii eKOHOMIKH i mornubneHus
iHTerpauiiHuX mpouecis.

Ha kondepeHuii npaioBany ceKuii:
fe3neka pyxy MOi3iB, MepexiaHi peKuMH,
eHepro3depeKeHH;

B3a€EMO/Iis PyXOMOI'O CKJIaxy Ta KOJii, 3HOC
KoJtic i pefiok;
MILHICTE, HANIHHICTE.

¥ % 3k
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