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V. V. BURCHENKOVY
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Influence Assessment of the Information Concerning the Bearing Type of
Axle Box of Cars on the Automatic Classification Accuracy of Heated Boxes

Purpose. The main purpose of the work is to determine and classify the heated cars’ boxes based on the proba-
bility of appearance of roller and cassette type boxes in the classes of heated and overheated boxes, as well as the
laws of probability density distribution of the recognition signs of normally heated and overheated roller and cas-
sette type boxes. Methodology. The operation features of freight cars with cassette type axle boxes with increased
operating heating have been investigated. The methodology of assessing the probability of recognition errors was
proposed, which takes into account the fact that sets of normally heated and overheated boxes consist of subsets of
boxes with different types of bearings. A system of equations is obtained, the roots of which represent epy values
that minimize the recognition probability of the errors of the heated boxes. Findings. It was found out that with
some methods of determining the bearing type, for example, by the average value of the ranges of thermal image for
each car, the probability of erroneous selection may depend on the probability density distribution of the sign for
bearings of different types and the threshold value of this sign. The optimal thresholds for detecting the overheated
roller boxes in comparison with the optimal thresholds for detecting overheated cassette boxes were determined. It
has been established that the pass of an overheated cassette bearing, provided that the type of bearing is determined
correctly, is less likely to lead to an accident than if the cassette box is classified as a roller box. The rejection crite-
ria of axle boxes according to their heating temperature difference on one of the wheel set axis for three variants of
settings of the alarm system according to an arrangement of multipurpose complexes of technical means (CTM)
were formulated. The practical implementation of this method of adjusting the CTM settings for the Minsk branch
of the Belarusian Railways was demonstrated. Originality. A system of equations is obtained, which allows
finding the optimal values of temperature thresholds for the detection of overheated roller and cassette boxes
under the assumption that the error probabilities in the selection of boxes by their types are known and constant.
Practical value. The developed method of adjusting the alarm settings of CTM makes it possible to significantly
reduce unjustified train delays and the number of car uncouplings.

Keywords: freight cars; cassette and roller boxes; overheating of boxes; heating boxes classification; threshold
temperature criteria

is associated with relatively higher (approximately
Introduction 1.5-2 times) normal operating temperatures of
bearing heating, compared to the heating tempera-
tures of serial axle boxes with standard cylindrical
bearings [1, 3].

Increased heating of such bearings is manifest-
ed at low external air temperatures (Tea) from No-
vember to March, when the average value of the
levels of thermal signals, expressed in guanta, and
the relative temperatures of the axle box bodies in-

When the new generation of cars with cassette
boxes and conical bearings was put into operation,
unreasonable delays of trains with loaded and emp-
ty cars occurred, with increased operating heating
of bodies and axle box covers.

The operation peculiarity of cassette boxes with
conical bearings is determined by their design and

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2021/242043 © V. V. Burchenkov, 2021


http://creativecommons.org/licenses/by/4.0/

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

Hayxka Ta nporpec Tpancnopty. BicHuk J[HinponeTpoBchKoro

HAL[IOHAJILHOTO YHIBEPCUTETY 3alli3HHYHOr0 TpaHcnopty, 2021, Ne 3 (93)

EKCIUIYATAIIS TA PEMOHT 3ACOBIB TPAHCIIOPTY

crease in 1.5-1, 7 times in comparison with sum-
mer values [1]. The annual graph of the average
value of the thermal signals and temperature levels
is shown in Fig. 1.
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Fig. 1. Annual graph of the average values of the ther-
mal signals and temperature levels:
1 — average level values; 2 — maximal level values;
3 — maximal values of temperature difference;
4 — external air temperature

The criterion of the overheated boxes was
formed, taking into account the ratio of the heating
level of the controlled box to the average value of
the temperature levels of the remaining boxes on
one side of the car. This was the thing that resulted
in unreasonable delays of trains with operating
heating of conical bearings.

Until now, the informativity of automatic con-
trol equipment for boxes according various recog-
nition signs of heated boxes has been investigated
as a whole without taking into account the type of
bearing of the controlled axle boxes. The experi-
ence of operating the equipment for detecting
overheated boxes shows that this leads to addition-
al losses in the information capacity of the equip-
ment, which are expressed in an increase in the
probability of errors in recognizing heating boxes
and, as a result, in unreasonable train stops (due to
false readings of the equipment) and passing emer-
gency heating axle boxes. This is because the per-
missible heating of cassette boxes with conical
bearings is 1.5-1.8 times higher than the permissi-
ble heating of the roller boxes, and when setting
the equipment for detecting overheated roller box-
es, some of the functional cassette boxes with in-
creased heating can be attributed to the class of the
overheated boxes during automatic recognition.

Purpose

Taking into account the constantly growing
number of cars with cassette boxes, as well as the
emergence of automatic recognition (selection) de-
vices of the boxes by bearing type [2, 17, 18], the
author envisages assessing the influence of these
devices on the probability of making an erroneous
decision about the technical condition of the axle
box, as well as on the choice of the threshold tem-
perature value of the classification signs.

Methodology

According to the temperature criterion of the
box bodies, their classification as normally heated
(N) and overheated (O) axle boxes is possible. If
the a priori probability of the appearance of a nor-
mally heated box (N class) is denoted P(N), the
probability of an overheated box (O class) is P(O),
the probability of correct classification of normally
heated boxes as normally heated class P(N/N) and

the overheated boxes as overheated class P(O/O),

then the probability of correct box classification
will be as follows:

P.sc = P(N)P(N/N) + P(O)P(O/O). (1)

However, in the practice of the box temperature
control, the informativeness of a sign is usually
characterized by the error probability in the box
classification. If one assumes that the probabilities
of correct and incorrect classification of normally
heated (overheated) boxes to the class of normally
heated (overheated) ones form a complete set of
events, then the error probability in automatic
recognition of heating boxes will be:

P, =P(N)[1-P(N/N)]+P(0)[1-P(0/0)]. (2)

The probability [1—P(N/N)] is usually called
the «false alarm» probability P, , i.e. the probabil-

ity of erroneous classification of a normally heated
box as the overheated class, and the probability
[1—P(O/O)] — the probability of passing an over-
heated box B, , or the probability of erroneous
classification of an overheated box as a class of
normally heated boxes [8]. In this case

Fer = P(N)Rea + P(O) R ®3)
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According to this criterion, if the separable
function has a threshold value of X, then the
probability of making an erroneous decision when
recognizing the heated boxes on the basis of X;
sign is determined by the expression (3). But this
expression does not take into account the varieties
of types of controlled boxes, and taking them into
account, each of the designated classes is divided
into two subsets: roller and cassette boxes.

The continuous law of the probability density
distribution of the sign of normally heated boxes in
this case will take the form [12]:

W3 (X;) = P(N W, (X)) + P(N W, (X)), (4)

P(N,), .
where — the appearance probabilities of
P(N,)
the roller and cassette boxes in the class of normal-

Wllr(xi)i T
ly heated boxes; — the probability den-

11c i

P (X)) = P(N){P(Nr) [ ey (X)X, +P(N,) Twm(xi)dxi}

Xio

sity distribution laws of the recognition sign (X;) of
normally heated roller and cassette boxes.

Accordingly, the continuous law of the proba-
bility density distribution of the recognition sign of
overheated boxes will be as follows:

Wi, (Xi) = P(O, )Woo, (X;) + P(O )Wpp. (X;), (5)

P(O,),
P(O.)
the roller and cassette boxes in the class of over-
heated boxes; alzr(x')’

lZc(Xi)
distribution laws of the recognition sign (Xi) of
overheated roller and cassette boxes.

Substituting expressions (4) and (5) into formu-
la (3), we obtain the recognition errors probabili-
ties, taking into account the fact that the sets of
normally heated and overheated boxes consist of
a subset of boxes with different types of bearings:

where } — the appearance probabilities of

} — the probability density

Xio

(6)

+P(O)[P(OC) [ W, ()%, +PO,) fowm(xodxi}-

By taking a derivative of the resulting expres-
sion and equating it to zero, we have an equation:

P(N)[P(Nr)Wll,(Xi) + P(Nc)Wnc(xi)] -
_P(O)[P(OC)W12C(X|) + P(Or)W12r (X| )] =0, (7)

the root of which is the threshold value of Xio sign,
which minimizes the error probability, provided
that the bearing type of the axle box is not recog-
nized [13].

Let us consider how their selection by bearing
type will affect the recognition error of the over-
heated boxes. Let us suppose that there is a device
determining the axle box bearing type [4, 5, 17]. In
general, such recognition can occur with some er-
ror, and the error may depend on the axle box state,
for example, in the case of recognition of the box
type by its thermal signals.

Let us designate: Py is the probability that a
normally heated roller box is classified as a cas-
sette box; Pnc — the probability that a normally

heated cassette box is classified as a roller one; Porc
— the probability that the overheated cassette box is
classified as a roller one; Pocr— the probability that
the overheated roller box is classified as a cassette
one.

Suppose that for each type of boxes, the thresh-
old value of the sign is set: X1 — for roller boxes
and Xio, — for cassette ones. In this case, the proba-
bility of a «false alarm» for roller boxes Py and
cassette Prac:

R‘ar(xil’xiZ)z

><i()Z

= I:)ocr .[

Xi01

Wy, (X)X, + [ Wiy (X[)dX;; (8)
Xi02
R‘ac(xili Xi2) =

XiOZ

(1_Pnrc j

XlOl

Wiye (Xi)dX; + T Wy (X;)dX;, (9)

XiOZ
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and the probability of pass of the overheated roller
Porand a cassette boX Porc:

Por(Xilv Xiz) =

Xio1 Xioa
= | Wiy, (X)X, + Py [ Wiy, (X)X, (10)

e Xio1

XiOl

Porc(xilixiz): J WlZc(Xi)dXi +
XiOZ

+(1_Porc) j

XiOl

Wooe (X)X, (11)

P.P(N,)F,

Cr

Let us find the general probability of erroneous de-
cision:

Per (Xil’ Xiz) = PrP(Hr)Pfar (XilaXiz) +
+PCP(HC)P

fac

(Xip, Xip) +
+PcP(Hc)Porc(Xi1=Xi2) +

+P P(I1,) By, (X, X )- (12)

cr

Substituting (8) and (11) into (12) and taking
from the resulting expression the partial derivatives
Xi1, Xiz, We obtain a system of equations, the roots
of which represent the values Xio1 and Xipz, mini-
mizing the probability of error in recognition of the
heating boxes:

VVllr (Xi01) + PCP(HC )(1 - Porc)w/ilc (XiOl) -
_PCP(OC)(l_R)rc)WLZC(Xim)_PrP(Hr)E)

Wio (Xior);

cr

(13)

PrP(Nr)(l_Pncr)VVllr (XiOZ) +PcP(Hc)PorcVV11c(Xi02)_
_Pcp(oc)PorcVVlZc (Xioz) _Prp(or)(l_Pocr)VVer(XiOZ) =0

The resulting equations system makes it possi-
ble to find the optimal thresholds for detecting
overheated roller Xio: and cassette boxes Xio2 under
the assumption that the error probabilities in the
selection of boxes by their types are known and
constant.

However, with some methods for determining
the type of bearing, for example, by the average
value of thermal signal ranges for each car, the
probability of erroneous selection may depend on
the probability density distribution of a sign for
bearings of different types and the threshold value
of this sign Xjos.

In this case, the error probabilities in the selec-
tion of boxes by their types are as follows:

jo3

0 X
I:)ncr = j Wnr(xj)dxj; I:)nrc = Wnc(xj)dxj;
ons - , (14)
Xjo3 %
|:)orcz Woc(xj)dxj; Pocr _[ I/Vor()(j)d)(j:
—o0 X]03
Wnr xj)1 . . .
where — are the probability density dis-
Wor(xj)

tributions of the selection sign of the bearing type

for normally heated and overheated roller boxes,
W,

m(xj

respectively; "L are the probability den-
oc( j) }
sity distributions of the selection sign of the bear-
ing type for normally heated and overheated cas-
sette boxes, respectively.
Moreover, the criterion according to which it is
assumed that the losses do not depend on the error
type, in some cases cannot be considered satisfac-

tory.

Findings

The pass of the overheated cassette box, pro-
vided that the bearing type is determined correctly,
is less likely to result in an accident than if the cas-
sette box is classified as the roller one [14]. The
losses caused by the errors of each type can be re-
pelled by the weight coefficients (Ki—Kg). Without
dwelling on the method of determining the weight
coefficients and repeating the substitution se-
guence, taking into account equations (8) — (14),
we obtain the expression of the total recognition
error, provided that the selection of the bearing
type is performed by the probabilistic method ac-
cording to the X; sign:
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© Xio2 ©
Py (Xins Xior Xig) = PPN Ky [ Wi (X )aX [ x [ Wiy (X)dX, + K [ Wy, (X)X, |+
Xios Xior Xioz
© Xiop ©
+PP(NG)| Ky [ Woo(X)aX; x [ Woo(X)aX, + K, | Wie(X,)dX; |+
XJ03 XiOl X|02
Xi03 © Xi02
+P.P(0.)1 K5 J. VVlZc(Xi)dXi_'_K6l:1_ J. VVOC(Xj)de:|X J. Wiae (X)X ¢ +
0 Xio3 Xio1
XlOl © XiDZ
+P.P(O,){ Ky [ Wi (X)X, + K| 1= [ Wy (X)aX; |x | Wy (X)aX, [ (15)
0 Xjo3 Xio1
Thus, we obtained an equation that makes it Fig.3 shows the dependence curves

possible to find the optimal threshold values of
sing simultaneously when detecting the overheated
boxes and their selection by the bearing type.

Fig. 2 shows the dynamics of the optimal detec-
tion threshold for the overheated boxes calculated
by formula (15) with an increase in the number of
cassette boxes in trains and the absence of their
recognition by type (curve 1). One can see how,
with the increase in the probability of appearance
of the cassette box, the optimal recognition thresh-
old shifts from the optimal detection threshold of
the overheated roller boxes (curve 2) to the optimal
detection threshold of the overheated cassette box-
es (curve 3), which do not depend on the change in
the ratio of cassette and roller boxes in trains. Let
us trace how the probability of the total recognition
error of the heated axle boxes changes in this case.

x — — —
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Fig. 2. Influence of the appearance probability
of a cassette box on the detection threshold
of the overheated boxes in the absence of information
about the bearing type (1), the optimal detection
threshold of the roller (2) and cassette boxes (3)
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P, = f(R) calculated by formula (15). The calcu-

lations are performed for three cases: box selection
by the types of bearings is not carried out (curve
1); box selection is carried out faultlessly (curve
2); box selection is carried out with some error
(curve 3).
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Fig. 3. Dependence of the error probability when
detecting overheated boxes
on the appearance probability of a roller box

In the latter case, the average temperature of
the axle box bodies of one car was a sign for de-
termining the bearing type [4]. The probability
density distributions of this sign for boxes of vari-
ous types are subject to logarithmic-normal laws
with the parameters:

a, =0.77,
o =1.02;

ay, =3.2;
6., =0.53;

a, =1.51;
G,, =0.99;

a,, =3.3;
G, =0.51.
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The weight coefficients Ki—Ks in the calcula-
tions are taken to be equal to one, i.e. it is assumed
that the recognition is carried out in two classes.

The analysis of the curves shows that although
with an increase in the percentage of cassette boxes
in the rolling stock, the error in detecting the over-
heated boxes decreases, nevertheless, the introduc-
tion of error-free selection of boxes by type makes
it possible to further reduce the probability of mak-
ing an erroneous decision by an average of
2.2 times. Determining the type of bearing by the
parameters of thermal pulses increases the proba-
bility of error in recognizing the heated boxes in
comparison with their error-free selection by
10-15% [15, 16]. Changing the ratio of the weight
coefficients, it is possible to significantly (more
than an order of magnitude) reduce this error com-
ponent with a certain (5-10%) increase in the total
error in detecting the overheated boxes [7]. The
last assumption is illustrated by the family of
curves in Fig. 4. The coefficient Ks in expression
(15) was changed within one order.
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Fig. 4. Influence of the Ks weight coefficient on the

recognition error probability in the boxes by types

(contour lines) and the detection of the overheated
boxes (dashed)

Thus, the research results allow concluding that
during automatic detection of the overheated boxes
it is advisable to select them by the bearing type,
since the accounting of information on the box
type reduces the error probability when detecting

the overheated boxes almost by 2 times. At the
same time, one should note the low reliability of
the existing systems for determining the box type
in rolling stock under control. A more adequate
assessment of the state of different types of bear-
ings and axle boxes is possible with the combined
use of rejection temperatures, in particular, used in
the innovative promising complex CTM-03 [2, 6,
18].

In the software wversion 2.0.9.6 dated
02/18/2020 for the CTM-01D and CTM-02 operat-
ed on the Belarusian Railways, automatic correc-
tion of alarm thresholds is used [10]. Algorithms
for the box rejection according to the new assess-
ment criterion made it possible to abandon the in-
sufficiently reliable method of car classification by
the bearing type with an increase in correction of
alarm thresholds for operating heating of the coni-
cal bearings in the cassette type axle boxes. Due to
this solution complex, correction algorithms of
alarm thresholds were excluded in the 2.0.9.6
software version.

Automatic correction of the settings depend-
ence on the external air temperature and the loca-
tion of the peripheral control devices significantly
reduces the number of indications for the operating
heating of the cassette boxes in winter and the risk
of untimely detection of faulty boxes at high exter-
nal air temperatures. With the degree software ver-
sion CTM-02, the temperature difference between
the lower sectors of the box bodies on one axle of
the wheelset practically does not depend on the ex-
ternal air temperature and is not affected by the so-
lar radiation [1, 14].

The new rejection criterion of axle boxes by the
difference in their heating temperature on one axle
of the wheelset is less susceptible to the influence
of low temperatures of the external air, but its nu-
merical value in CTM-01D increases in summer
due to the influence of solar radiation. The differ-
ence between the temperature of the most heated
box and the average temperature of the rest of the
boxes on the controlled car side is a more ad-
vanced analogue of the «Alarm 0 {O}» criterion.

At low external air temperatures, when the lev-
els of the thermal signals and the relative tempera-
ture of the box bodies increase in comparison with
summer readings, the control of the CTM-01D
equipment deteriorates. This is also influenced by
the increase in the fleet of cars with cassette boxes.
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Therefore, new rejection criteria of axle boxes
based on the difference in their heating levels on
one axle of the wheelset in CTM-01D, similar to
the CTM-02 algorithms, made it possible to signif-
icantly reduce unreasonable train delays.

The software provides several options for alarm
settings in accordance with the considered criteria

AN (09:33 1

10:43 22

N 09:36 24 g8 (10:00 0-

ANi1:402]
11058 24
11252

1[11:16 23\

and the territorial location of the CTM. Practical
implementation of this methodology for correcting
the settings of the CTM equipment for the Minsk
Branch of the Belarusian Railways is shown in
Fig. 5.

Fig. 5. CTM location on railway lines of the Minsk Branch of the Belarusian Railways

In front of the junctions with check stations CS
(Minsk, Molodechno, Orsha), CTM-02 with the
«CSy» setting are installed. On the approaches to
large intermediate stations with a constant watch of
car inspectors (Borisov, Negoreloye, Osinovka,
Pukhovichi), CTM-02 was installed with «Inter-
mediate, lowered» setting with a decrease in the
thresholds by 3°C. Here the car inspectors check
the condition of the axle boxes more thoroughly
[11]. The rest of the line stations are equipped with
the CTM-02 and CTM-01D with «Intermediate,
increased» setting with an increase in thresholds by
4°C. The CTM settings in front of the «CS» junc-
tions differ from the «Intermediate» settings only
by a lower (by 10°C) threshold «Alarm 0.» In this
case, the temperature thresholds «Alarm 1» and
«Alarm 2» remain the same.

Practical value

The developed methodology for correction of
the alarm settings of the CTM can significantly re-
duce unreasonable train delays and the number of
car uncoupling.

Conclusions

The proposed differentiation of settings ensures
non-stop passage of transit trains, and faulty boxes
with a relatively high temperature are detected in
the conditions of a check station. This correction
significantly reduces the number of CTM-01D
readings for the operating heating of conical bear-
ings of cassette boxes in winter and the risk of un-
timely detection of faulty boxes at high tempera-
tures of the external air. As a result of the transfer
of the CTM-02 to the degree version, the number
of train delays monitored according to the indica-
tions at the intermediate stations has decreased.
The number of freight cars uncouplings as a result
of the axle box overheating decreased. Uncou-
plings have become more grounded. This indicator
was also influenced by the improvement in the
quality of inspection and repair of axle boxes in the
«CS» and depots.
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Ouinka BIuIuBY iH(opMauii Npo THN NIAIUIHAKA OYKCOBOI0 By3/1a BATOHIB
HA TOYHICTH ABTOMATHYHOI Kjacuikauii Oykc, o rpirorbcs

Meta. OcHOBHOIO MeTOIO 1i€l poOOTH € BU3HAa4YeHHs Ta Kiacu(ikallist OyKC BaroHiB, siKi IPIIOTHCS,, HA OCHOBI
HMOBIPHOCTI TTOSIBM POJIMKOBHX 1 KACETHUX OYKC y Kiacax OyKc, sIKi TpIIOThCH, 1 IEperpiTHX, a TaKOX 3aKOHIB PO3-
MOJTY LIIBHOCTI HMOBIPHOCTI O3HAK PO3Mi3HABAHHS POJIMKOBHMX 1 KAaCETHHX OYKC, sSIKi HOPMAJBHO TI'DIIOThCS, Ta
neperpitiux. Meroauka. J{ocmimkeHo 0cOONMMBOCTI eKCIDTyaTamii BAHTA)KHAX BaroHiB i3 OYKCOBHMH BY3JIaMH Kace-
THOTO THITY, IO MAalOTh MiABHIICHUHA pOOOUMA HArpiB. 3alpOIIOHOBAHO METOIMKY OIIHKH HMOBIPHOCTI HOMMIIOK
pO3Mi3HAaBaHHS 3 YpaxyBaHHSAM TOTO, IO MHOXHWHH OyKC, sIKi HOPMaJIbHO TPIIOTHCS, Ta IEPETPITUX CKIAAIOTHCS
3 MIMHOXHH OyKC i3 pi3HOTO THITY migmumHIKaMu. OTpUMaHO CHCTEMY PiBHSHB, KOPEHi K01 MOJAI0Th 3HAYCHHS,
10 MiHIMI3YIOTh IMOBIpHICTh IOMUJIKH PO3IMi3HaBaHHA OyKC, sIKi TpifoThCs. Pe3yabTraTn. 3’sc0BaHO, IO 32 ACIKAX
cnoco0iB BH3HAYCHHS THUITY HiAMIMITHUKA, HATIPUKIIAM, 33 CEPEeIHIM 3HAUYCHHSIM aMIUTITY[ TETUIOBHX CHUTHANIB JJISA
KO>KHOTO BaroHa, iMOBIPHICTh IIOMHUJIKOBOT CEJIEKIii MOXe 3aJeXaTH BiJl PO3NOALTY IIIIEHOCTI HMOBIPHOCTI O3HAKH
JUIsl TANIMOHYAKIB PI3HUX TUIIB 1 MOPOTOBOr0 3HAueHHs Ii€i 03Haku. Bu3HaueHi onTUMaibHI MOPOTH BUSIBICHHS
MEeperpiTHX POJMKOBUX OYKC MOPIBHSHO 3 ONTUMAaJIbHUMH ITOPOTaMH BHUSBJIICHHS IEpErpiTHX KaceTHUx Oykc. Ycra-
HOBJICHO, 10 TPOMYCK Meperpitoi KaceTHoi OyKcH 3a yMOBH, IO THM IMiANIMITHUKA BU3HAYEHO MPaBUIIBHO, 3 MEH-
100 IMOBIPHICTIO MTPHU3BEE 10 aBapii, HXK 32 YMOBH BiTHECEHHS KaceTHOI OykcH 10 ponukoBoi. CHopMyIb0BaHO
KpuTepii OpakyBaHHs OYKCOBUX BY3JIB 3a Pi3HHUII TeMIlepaTyp iX HarpiBaHHs; Ha OJHIH OCI KOJICHOT MapH I TPhOX
BapiaHTIB HACTPOIOBaHb TPUBOXKHOI CHUTHAII3AIIi BIAIOBIAHO O po3TanIyBaHHS OaraTo(yHKIIIOHATEHUX KOMIDICK-
ciB TexHiuHNX 3ac00iB KTCM. IlokazaHo MpakTHYHY peatizamito i€l METOIUKHA KOPUTYBaHHS HACTPOIOBAHb amapa-
typu KTCM nns Mincekoro BinmineHHs binopycekoi 3anmizauri. HaykoBa HoBu3Ha. OTpHMaHO CHCTEMY PiBHSHB,
SKa JO3BOJISIE 3HAXOAUTH ONTHUMAJbHI 3HAUCHHS TEMIEPATYPHHUX MOPOTIB I BHABIICHHS IEPErPITHX POIMKOBHX
1 KaceTHHX OYyKC y TPUITYIICHHI, IO WMOBIPHOCTI MOMMJIOK Yy CeJeKIii Oykc 3a iX THIaM BiloMi 1 TOCTiliHi.
IpakTHuna 3HaYMMicTh. Po3pobieHa MeToMKa KOPUTYBaHHSI HACTPOIOBAaHb TPUBOXKHOT CUTHAJI3ALl1 KOMILICKCIB
KTCM n03BoJ1si€ CYTTEBO 3HU3UTH HEOOIPYHTOBAHI 3aTPUMKH MOI3/IB 1 KUIBKICTh BiYEIJICHb BarOHIB.

Kniouosi cnosa: BaHTaXKHI BaroHH; KaceTHI Ta POJIMKOBI OyKcH; meperpiBaHHs Oykc; Kiacudikaiis Oykc, siKi
IPIIOTHCS; TOPOTOBI TEMIIEPaTYpPHI KpUTEpii
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SAJIIBHUYHA KOJIIA TA ABTOMOBIJIBHI TOPOI'!

YAK 625.14:629.4.027.11

O. M. IIATJIACOB?, €. M. ®EJIOPEHKO?

Kad. «TpancriopTHa iHppacTpykTypay, JHITPOBCHKUI HAIIOHATBHUI YHIBEPCHTET 3aJli3HUIHOTO TPAHCTIOPTY IMEHi akajeMika
B. Jlazapsina, Byn. Jlazapsina, 2, {ninpo, Ykpaina, 49010, Tex. +38 (056) 373 15 42, en. nomta am_patlasov@ukr.net,

ORCID 0000-0003-2081-5648

2’Kad. «TpancnopTHa iHppacTpyKkTypa», JHINpOBCHKUIA HAlliOHATBHMI YHIBEPCHTET 3alli3HUHYHOTO TPAHCIOPTY iMEHi aKazeMika
B. Jlasapsina, Byi. JlasapsiHa, 2, JIainpo, Ykpaina, 49010, texn. +38 (066) 868 53 59, exn. mowra rapunzeeelliza@gmail.com,
ORCID 0000-0002-7518-9106

JlonycTumi 3HAYEHHS JUHAMIYHOI il pyXOMOI0 CKJIAAy Ha 3aJi3HUYHY KOJIiI0
B pa3i NiABUIIECHHS 0CbOBOI'0 HABAHTAKCHHA

Merta. JlocmipkeHHS CIpsSIMOBaHE HAa BU3HAUCHHS €KCIICPUMEHTAIBHO-PO3PAaXyHKOBUM IIUIIXOM 3HA4Y€Hb Iapa-
METpiB, 0 XapaKTEPU3yIOTh JTUHAMIUHY [iF0 PyXOMOTO CKJIay Ha 3aJi3HUYIHY KOJIit0, OOTpYHTYBaHHS MakCHMaJbHO
JIOITyCTAMUX (TpaHUYHUX ) BennarH. MeTtoauka. J{7s ociimKkeHb B3aeMOII1 KOJIii Ta pyXOMOTO CKIIay Ha TOCHTiIHIT
IUTAHII Oy BCTaHOBIICHI IMPUIIAAH, IKi (QIKCYIOTH pi3Hi (i3wdHi nporecu. [Ipunanyn BcTaHOBNCHI ¥ 8 CiUeHHAX 10
30BHILIHIN peiikoBiil HUTILI. [y BU3HaYEeHHS (PaKTUUHOTO CTaHy KOJIil OyJIM MpOBeJeHI HATYpHI BUMIipIOBaHHS Bij-
noBizHO 110 [Iporpamu Ta METOAMKY NMPOBEIEHHS AOCIKEeHb. Pe3yabTaTn. 3a pe3ynpraraMu eKClIepUMEHTATbHUX
BUIIPOOYBaHb il Ha KOJIIO BUSBICHO, [0 CEPE/IHI BEPTUKAIbHI HABAHTAKCHHSI Ta, BIMIOBITHO, CEPEIHI BEPTUKAJIbHI
nedopmailii BiJl BarOHIB 3 0OCHOBHM HABAaHTAKCHHSM JI0 25 TC/BiCh OLMIbII, HIXK Bijl BATOHIB 3 OChOBHM HaBaHTaXCH-
HsAM 110 23,5 Tc/Bich Ha 8 BiICOTKIB. MakcHMalbHI BEPTUKAIbHI HABAHTAXKCHHS BiJl BATOHIB 3 OChOBUM HaBaHTa)KCH-
HAM 25 Tc/BiCh mMepeBHINyBaiu cepeaHi HaBaHTaxeHHs Ha 10,0 Tc, a Bix BaroHiB 3 OCHOBUM HAaBAHTAKCHHSIM
1o 23,5 tc/Bick — Ha 12,8 tc. Ilix wac BumpoOyBaHbh He BUSBJICHO BArOHIB, y SIKUX BEpPTHUKAaJbHA JHMHAMIYHA CHIIA
nepesuirye 20 Tc, a ropusoHTangbHa — 10 TC. TOMy HOPMH 1Oy CTUMOTO JTMHAMIYHOTO BIUIMBY MOXKYTb OYTH ITPUITHATI
BiqnoBigHO 10 [TooskeHHs PO MPOBEICHHS TUIAHOBO-3a001KHUX PEMOHTHO-KOJIIHHIX pOOIT Ha 3ai3HUIAX YKpa-
inn. HaykoBa HoBuM3Ha. [IpoBeieHO NOCIiKEHHS TUHAMIYHUX XapaKTEPUCTHK B3a€MOJIIT KOJIiT i pyXOMOTO CKIIaay
30KpeMa: Hallpy>KeHb Y KpOMKaX ITiJIOMBU PEHOK, BEPTHKAIBHHUX i TOPU30HTAIBHUX CHJI BiJl KOJIIC PyXOMOT'O CKIIamy.
[pakruyna 3HaynMicTh. Ha OCHOBI OTpUMaHHX pe3ynbTaTiB MOKHA OI[IHUTH AOIMYCTHMI 3HAYEHHS TWHAMIYHOI Jii
PYXOMOTO CKJIaJy Ha 3aJi3HWYHY KOJIiIO JJIsi OOTPYHTYBaHHs HEOOXIJHOCTI 3MiHM HOPMATHBIB BUTpAT MaTepialiB
BEpXHBOI Oy/10BH KoJIiT Ta poO040i cuiti. B cBOO yepry, 1ie 103BOIHUTh IUIaHYBAaTH PEMOHTHO-KOIIHHI TEPMiHHU OLIbII
€KOHOMIYHO JIOIIbHO Ta 32 (PAKTUYHUMH MOKA3HUKAMH CTaHY BEPXHBOI OYJ0BH KOJIii.

Knrouosi cnoea: 3aiizHIYHA KOJisl; 0CbOBE HABAHTAXKEHHST; HATIPYKEHHsI; BEPTUKAJIbHI CHIIH; TOPU30HTANIBHI CHITH

Beryn OpnnuM 31 crtoco01B 301JIbIICHHS TIEPEBI3HOI 3/1a-
THOCTI 3aJII3HUL € I ABUIIEHHS OCHOBOTO HABAHTA-
JKEHHS BaHTaXHUX BarouiB. [IpoBeneni pocmi-
JOKCHHS CBIJ[YaTh MPO 3HAYHI OOCSTH IEPEBE3CHHS
BAHTAXIB, HE3BAXKAIOUM HA JESIKUI clag B OCTaHHI
poku. Ilpu mpomy 3ali3HUYHHN TPAHCIIOPT JAEIIO0
MOCTYIAEThCS B JIMHAMIIIl POCTY aBTOTPAHCIIOPTY
il HE MMOBHOIO MipOI0 BUKOPUCTOBYE CBiil TPaH3WT-
HUH noTeHmian. ToMy ciij 3aisTH 11i pe3epBH KO-
Mora roBHirie [2].

3ani3HUYHOMY TPAHCIOPTY YKpaiHH HaJICKUTh
MPOBIiIHA POJIb Y 3A1HCHEHHI IEPEBI3HOTO MPOIIECY.

PecTpykTypu3aiiisi 3aJ1i3HHYHOTO TPAHCIIOPTY,
sKa 3apa3 MPOXOAUTh B YKpaiHi, HOBUHHA CTBOPUTHU
YMOBU JUISI JOCSTHEHHS PiBHA €BPONEHCHKHUX
1 CBITOBUX CTaHJIApTIB, 110 JaCTh 3MOTY HPHUIIBH/I-
LIMTH TEMIIM €BPOIHTErpauii Ta MaKCUMaJIbHO pea-
Ji3yBaTH TPAHCIOPTHUI MMOTEHIIIal KpaiHH.
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VYnpoBamkeHHs! O1TbIII BUCOKMX OCHOBUX HaBa-
HTa)KE€Hb MOKE IIPU3BECTH O CKOPOUCHHS TEPMIHY
CIy>k0uM 3ai3HUYHOI KOJii Ta 1l OKpeMuX eJeMeH-
TiB. TOMy JUIs TiABUILIEHHS! HOPM OCBHOBOT'O HaBaH-
Ta)KeHHS 32 HAIBHUX TEXHIYHUX XapPaKTEPHUCTHK 3a-
JI3HUYHOI KOJIII HEOOX1JHO JTOCIIAUTH INHAMIYHUNA
BIUIMB PyXOMOTO CKJIaay Ha ii cTaH.

[MutanHio B3aeMomii pyxoMOro CKJady Ta 3aii3-
HUYHOI KOJii MPUCBIYEHO HU3KY JOCIHIIKEHD BITIM3-
HSHUX Ta 3aKOPIOHHUX y4eHuX [1, 3, 4,5, 9, 10-14].

Meta

VYnpoBamkeHHs Ha 3ai3HULSAX YKpaiHH pyXo-
MOTO CKJIQJy 3 MiJBUIICHUM HaBaHTKCHHSAM Ha
BICh, a TAKOX BEJIMKOBArOBUX IIOI3/iB 103BOJIE 30i-
JBIIUTH MEPEBi3HY 3aTHICTH 3ali3HUIL Ta 3a0e3-
MEYUTH KOHKYPEHTOCTIPOMOXKHICTD TIiJT 4ac rmepese-
3eHHA BaHTaxiB. [Ipu IbOMy BHHHKA€E TOAATKOBHUN
BIUTHB Ha 00’ €KTH 1H(PPaCTPyKTypH KOJIiHHOTO roc-
MOJApCTBa, IO MOTpedye TOJaTKOBHX BUTpAT Ha
MaTepiaay BepxHboi OymoBu koiii. YnHHI HOpMH
PO3p0o0JIeHi IS PyXOMOTO CKJIaay 3 OChOBUM HaBa-
HTa)XEHHSAM He Oinblie Hixk 23,5 T¢/Bich, X04a ChO-
TOJHI BIPOBA/KYIOTh PYXOMHUH CKJIaJl i3 HaBaHTa-
KEHHSM 25 TC/BICb.

Tomy MeToro Hamoi poOOTH € BU3HAYCHHS JI0-
MyCTUMUX 3HA4YeHb JUHAMIYHOI Mdii pPyXoMoro
CKJIaJly Ha 3aJI3HUYHY KOII0 B pa3i MiIBUIICHHS
O0CHOBOT0O HABAHTAXKEHHSI TA IHTEHCUBHOCTI PO3JIaay
KOJI1 JJIs TTOAaIbIIOT0 OOTPYHTYBaHHS 3MiHU HOP-
MaTHUBIB BUTPAT MaTepialiB BEPXHbOI OyJOBH KOl
Ta poOOYOi CHITH.

MeToauka

PobGora BuKoHaHA crHiBpoOiTHHKaMH Kadeapu
«TpancrioptHa iHppacTpykTypa» Ta KomieBurpo-
OyBaJIbHOI Taily3eBOi HayKOBO-IIOCHiHOI Jabopa-
TOpii J{HITPOBCHEKOTO HAIlIOHATTLHOTO YHIBEPCUTETY
3alI3HUYHOTO  TPAHCIOPTY IMEHI  akajgemika
B. JlazapsiHa

BumnpoOyBaHHs nipoBeJieHe BiAMOBIIHO JIO MPO-
rpamM i METOJIMKH JIOCTIKEHb BIUIMBY Ha KOJIIO
PYXOMOT'0O CKJIaJy 3 HaBaHTaXEHHSAM 110 25 TC/Bich
BEJIMKOBAroBHX MOi3/iB. J[J1sl OTpUMaHHs eKcIiepu-
MEHTaJIbHUX JJAHMX Mporpama rnepeadadana JUHA-
MiKO-MiI[HICHI BUNIPOOYBaHHs, po3LIH(pyBaHHs Ta
00poOKy eKCcIiepUMEHTaIbHUX JaHUX, aHaJI3 OTPU-
MaHHX pe3yJIbTaTiB.

ExcrniepiMeHTanbHi TOCITiIKEHHS TPOBEIEHO Ha
napHii koxii meperony llpummb — Bypdanpk. (kM
1174-nit, IIK 3). JlingHka po3TamoBaHa y mpsMii.
Ha minsgHii ykmaaeHo 3ami300€TOHI IMaiu 3 Kpirn-
nenusm Kb.

BignoBigHO M0 TIporpaMu Ta METOIUKH JTOCITi-
JOKeHHS B MEXaX IOCTiAHOI AIMSHKA OyJO0 CTBO-
PEHO IUTYYHUH TepeKic 3 CTymeHs HUISIXOM YKIa-
JaHHS JOJATKOBHUX MPOKJIATOK MiJK PEHKOIO Ta ITiJI-
KITKOIO.

B3aemogito komii Ta pyxoMoro ckjiany Ha Joc-
JMiAHIA AiTSHII (iKCyBaJld TpUiaid, BCTaHOBJICHI
y 8 ciueHHSX 1O 30BHIIIHINA peHKOBIN HHTII, — 1H-
¢dopmauiiiHo-BuMiproBasibHa  amaparypa  «I1O-
HWJI-1». Cxema gocaigHol iISHKH 31 BCTAHOBIIE-
HUMHU TIpUIIaJaMH HaBelleHa Ha puc. 1, GoTo goci-
JTHOT TUTSTHKY — Ha pHC. 2.

Jiisi mpoBeneHHsI eKCIIEpUMEHTANBHUX JOCIi-
JDKEHb BUKOpUCTaHO moiza Ne 1762, mo pyxaBcs 3a
rpadikoM Ta ckiamaBcs 3 JokomormBa BJI-11,
I'SITH BaroHiB 3 OChOBUM HAaBaHTAXCHHSM JIO
25 T¢/Bich Ta 51 BaroHa 3 0CbOBUM HAaBaHTAKCHHSIM
1o 23,5 Tc/BICh.

Cxema JOCHIIHOTO 1013712 HaBeJICHA Ha puc. 3.
[Moizn pyxaBcst 31 MBUAKICTIO OIU3BKO 75 KM/TO[ 31
croponu cT. [Ipumm6 y HanpsiMKy cT. bBypuarsk.

st TapyBaHHS DaTYUKIB 11O JOCHITHIN TUTSHII
nponyckanu sokoMoTuBH (2TE116 Ta UC7) 3 HeBe-
TUKOI0 IBHJKICTIO. Ha puc. 3 HaBeneHO mpukian
3aMMCiB  JaTYMKIB TiJf 9Yac pyXy JOKOMOTHBA
2TE116.

[Mpuknan 3anuciB AaTUYMKIB Mij 9ac pyxy AOCIi-
JTHOTO TT013/1a HaBEJIeHO Ha puc. 4 .

cT. Mpuwumb cT. Bypuauek
J LT TTTTTTTT
/,], w LA
BrcokoMiuHI
iaonioiui cTHkK
[ lie "
Ne wnanu ] 32 5

YMOBHI MO3HATEHHST

¥ - OpIUTaan BImliplOBaHHﬂ BEPTHEAIBHIX CILT,

- I JUTA RITMIPIOBARHS BATIPYXeHE B KDOMKax roosku pefter;
o - IPIIANH AU BIMIPIOBAHHS HAIPYCHD B KDOMEAX ITOMEN pefiki

Puc. 1. Cxema mocmigHOT JIISHKH 31 BCTAHOBIEHUMU
MpHIaaMu

Fig. 1. Scheme of the experimental section
with installed devices
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Puc. 2. ®oTo nocnigHol JIITHKA

Fig. 2. Photo of the experimental section

RN,

Puc. 3. 3pa3ok 3amnuciB JATYMKIB IMi]] 4ac
pyxy nokomotuBa 2TE116

Fig. 3. Sample of sensor recordings during
the movement of the 2TE116 locomotive

Puc. 4. 3pazok 3amiciB JaTYUKIB i Yac pyxy
JIOCITIJPKEHOTO 11013712

Fig. 4. Sample of sensor recordings during
the movement of the train under study

PesyabTaTn

HampyxeHHs B KpOMKax IiIOIIBH PEHOK € OJI-
HUM 3 OCHOBHHX TIOKa3HHKIB BIUTMBY Ha KOJIIO Py-
XOMOTO CKJIa1y, TOJIOBHUM KPUTEPIEM MIIHOCTi KO-
i, a oTke, 1 6e3MeKu pyxy 1o KoJii 3 pi3HOIO KOH-
CTpYyKIIi€l0 BepxHbOI OynoBu. Hopmomana Bemm-
yuHa nuX HanpyxeHs (240 MIla) Bu3Hauae qorryc-
TUMI IIBUIKOCTI PyXYy.

Ilepepizm, y SKHX BHMIPIOBAIH HAIPY>KEHHS
Yy KpPOMKax ITiJJOIIBM DPEWOK, TMOKa3aHi Ha CXeMi
BCTaHOBJICHHSI BUMIPIOBAIbHUX TNPWIAAiB (IUB.
puc. 1). BuMmiproBaHHSI IPOBOAMIN 32 JJOMOMOT'OO
TEH30PE3NCTOPIB, HAKIEEHWX Ha IiOIIBY peHKH
MOOJIN3Y 30BHIIIHBOI Ta BHYTPITHBOT KPOMOK.

VY pe3ynbTaTi CTaTUCTUYHOI 00pOOKH eKcTepH-

MEHTAJIbHUX JaHUX Oyl OTpUMaHI cepeiHi (0),

MOB

ivon) | MakcHMalbHi

MaKCHMalbHI HMOBIpHIi ((5

CII0C

19 ) 3HAUEHHS HATIPy-

crioctepesxeni B nocrinax (o

JKeHb B KPOMKaXx TiIOIMIBH perku. Pesynpratn Ha-
BeJeHi B Taour. 1.

Tabomums 1

CepenHi (0 ), MakcuMaJibHi iiMoBipHi

MOB

. . . CII0C
(Omax ) 1 MakcuMaibHi ciocTepesxkeni (o

max
YeHHA HANPYKeHb Y KPOMKax migomsu peiiku, MIla

Table 1

) 3Ha-

Average (5 ), maximum probable

HMOB croc

(Omax ) @and maximum observed (o, ) values of
stresses at the edges of the rail base, MPa

Pyxomuii cknan o

iimMoB croc
max max

Jloxomotus (BJI11) 48,75 73,14 95,19

ITiBBaronwu (0

25 Tc/ich) 57,74 | 90,78 | 97,02

ITiBBaronwu (10

23,5 Tc/Bick) 53,68 88,50 | 118,65

Amnami3 gagux Ta6a. 1 mokasas, 110 HaRO1IbIII
cepe/iHI 3HAYeHHs Halpy>KeHb BHHUKAIOTH BiJ Ba-
TOHIB 13 HaBaHTAKEHHAM 110 25 TC/BiChH, a MAKCHMa-
JIbHI — BiJl BaroHiB 13 OCbOBUM HaBaHTAXEHHIM 10
23,5 Tc/Bic. Y BciX BHUNAgKax HapyKEHHS
B KpOMKax IIOIIBY PEHOK HE MEPEBUIIYBAIH J0-
nyctumi 240 MIla [6].

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2021/242048

© O. M. Ilatnacos, €. M. ®enopenko, 2021

17


http://creativecommons.org/licenses/by/4.0/

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

Hayxka ta nporpec Tpancnopty. Bicaux /IHinponeTpoBcskoro

HAL[IOHAJILHOTO YHIBEPCUTETY 3alli3HHYHOr0 TpaHcnopty, 2021, Ne 3 (93)

3AJIIBHUYHA KOJIISI TA ABTOMOBUIBHI JOPOT'

BumMiproBaHHSl BepTHKaJIbHUAX CHII, IO Hepena-
FOTBCS BiJI KOJIIC PyXOMOTO CKJIay Ha PEHKH, TAKOK
TIPOBOIMIIN B TIepepisax, sKi MOKa3aHo Ha puc. 1.

TapyBaHHs mpunaaiB BHKOHYBaJIM Ha OCHOBI
CTaHAAPTHOI METOJWKH: BH3HAYaIM CIIiBBiTHO-
IIEHHS CEPEAHBOTO 3HAUYEHHS OpAMHAT 3aIuCy Ha-
BaHTa)XEHP BiJ[ YCIX KOJIC €KiMaxiB 3a MIBUAKOCTI
5 KM/ToJ1 i cepeIHbOTO 3HAYECHHS CTATUYIHOTO HABa-
HTa)XEHHS Ha KOJIECO.

[Ticns cratucTHaHOT 00POOKH EKCITCPUMEHTATD-

HUX JaHux orpumanu cepenni (P), MakcumaibHi
fimoBipHi (Py°) Ta MakCHMaJbHI CIIOCTEpEkEeHi

(Prax ) 3HAYCHHS BEPTHKAIBHUX CHII, IO Hepena-

IOTHCSl Ha PeKH BiJl KOJIC eKiMaxiB MiJ 4ac pyxy
3 PI3HUMHU IIBUAKOCTAMHU. Pe3ynbTatv HaBeneHi
B Ta0m1. 2.

Tabnums 2

Cepenni (P ), makcumaibhi iimosipni ( Pin® )

. . . cnoc
i MakcumanbHi ciocrepeskeni (P, ) 3HaueHHs
BePTHKAJALHHUX cuil, KH

Table 2
Average (P ), maximum probable ( piiios )

and maximum observed (P, ) values of vertical

foreces, kN
Pyxomuii cknazn P F’ni‘?x‘“’ Prax
Jlokomortus (BJI11) | 121,95 151,91 143,58
Misaronn (10| 159 17 | 15894 | 17157
25 Tc/Bich)
Hzlg‘?)a;‘;‘]zcgo 112,15 | 147,61 | 176,69

I3 Tabn. 2 BUAHO, 1O, K 1 KPOMKOBI Hampy-
JKEHHsI, HaWOIUTBI cepe/lHi 3HAaYeHHsI BEPTUKAIb-
HHUX CHJI BHHUKAIOTh BiJl BATOHIB 13 HABAHTAXEHHAM
110 25 TC/Bich, @ MAKCHMAJIbHI — BiJl BATOHIB 13 OCKHO-
BUM HaBaHTa)KeHHAM 10 23,5 T¢/Bick. Y BCiX BUIa-
JKaxX JUHAMIYHI BEPTHUKAIbHI CHJIM HE TIEPEBHILY-
Bayu gomyctumi 210 kH [6].

Jlist BU3HAYCHHS BEJIMYUH TOPU3OHTAILHUX T10-
nepeyHux (OOKOBUX) CHII BUKOPHUCTOBYIOTH TPUTO-
YKOBHIA MeTo1, po3pobiaenuii O. I1. €pirkosum [1].
3a MM MEeTOJIOM 3Ha4eHHS OOKOBHX CHJI BU3HAYa-

I0Th Ha OCHOBI €KCIIEPUMEHTAIBHO OTPUMAHHUX Be-
JUYUH HAmpyXeHb Yy KpPOMKax TMiJIOMBU Ta
B 30BHIIITHIH T'paHi TOJIOBKH pPEHKH:

H=B-oy, (1)

ne H — 6okoBi cuity, sIKi AiFOTh Ha KO0, Y [1] BOHU
HaBezieHl B k['c; B — xoedimieHT 11 BU3HAYCHHS
OokoBux cwia, y [1] BiH momammii y cm%

Oy — HANpY)XEHHS, 110 BUHUKAIOTh y 30BHILIHI

KPOMIIi ITiIONMIBH PEHOK Bix il O0KOBHX cuit, y [1]
BOHU HaBeJeHi B K[ '¢/cM>.
Koedimient B Bu3Ha4aroTh 3a (OpMyIIOI0:

B=4-W," -k, @)

ne W, — MOMEHT OIOpy IONEepPEeYHOro Inepepizy
o . . LT .. .
peiiku BiHOCHO oci Z, cm®; K, — koediuienT BigHo-

CHOI KOPCTKOCTI pelKH Ta MiAPEHKOBOI OCHOBH
3 ypaxyBaHHSM TEpPTSl B TOPU30HTAJIbHIN MJIOMIKHI,
cml,
MoMEHT oIopy MONEePeYHOro Mepepizy perKu
BIJHOCHO OCI1 Z CTAHOBUTHME:
wy =21, ©

I

ne I; — MOMEHT iHeplii MONMepeyHoro mepepizy
peiiku BiTHOCHO OCi Z, cm®: by — IIVPUHA TTiJOITBU
perKu, cM.

Jns peiiok tury P65 (I; = 569 cm?*; b, = 15 cm)
W," = 75,87 cm’ .

KoedimieHT BiTHOCHOT >KOPCTKOCTI PEUKH 1 TiJI-
PEHKOBOI OCHOBH BH3HAYaKOTh 3a hopmyioro [8]:

(4)

T .
aec Uy — MOAYJIb IPYXXHOCTI1 KOJI11 B TOPU30HTAJIb-

Hill TUIOIIMHI 3 ypaxyBaHHIM TepTs; £ — MOIyJb
IPYXKHOCTI peiKkoBoi crami, E = 2,1-10° MIla.
T . .
Mopuyue npysknocti U, nopisaroe [1]:

ul= 1

CEr B O
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e B';, — 3rUHAJBHA KOPCTKICTh PEHKH TIO TIiJOIIBI
B TOPM3OHTANIBHIHN IUIONIHMHI, OTPUMaHa 3 ypaxyBaH-
HSIM TepTs; A — KoeillieHT, 10 BPaXOBY€E KPyUEHHS
peiiku, ams peiiok P65 A = 1.

[lincTaBuBImIK 3HAYEHHS MOIYNS MPYKHOCTI

UJ y ¢hopmyny (4), orpumaemo Bupas (6):

Y 7

1
(64-E-1,)3-4-E-1,

T
ky =

(6)
3ruHaNBHY )KOPCTKICTh PEWKH 10 ITiIOMIBI B TO-

PU3OHTANBHIN TUIOMIMHI MOXXHA BHUPA3UTH dYepe3

3TUHAJIBHY KOPCTKICTh 110 TOJIIBIII TAKUM YHHOM:

y=eby )

Iie € — Koeili€eHT, o AOPIBHIOE BiTHOMICHHIO €KC-
MEPUMEHTAIBHAX 3HAYEHB CePeHIX BiIPKUMaHb IO
MiJOMIBI IO CEPeaHIX BiPKUMaHb TOJIOBKU B TOPH-
30HTaJIbHIN MJIONIMHI, y35ITOMY B OIHOMY Tiepepisi
KOJIii 32 MiHIMaTbHIO1 BUAKOCTI (V = 5 kM/Toxm):

I

ycp

€= ,
r

ycp

(8)

e, ygp , yzp — CepejlHi Bi/UKMMaHHS ITiJIOMBH Ta
T'OJIOBKH PEHKH B OJTHOMY IIepepisi.
s QU _ r
Toni B, =0,217B,.

[MixcraBuBin 1e 3HaueHHs y ¢dopmyny (7),
OTPUMAEMO KiHIIEBY hOopMyITy:

B=0,086- 3B} 9)

Ockinbku y popmyay (1) Bci 3HaUCHHS MU i
CTaBISIEMO B ONMHUISX BUMipy cuctemu CI, To He-
00XI1JTHO 1€ B3SITO JIO YBar B po3paxyHKax 3a JIoTo-
MOTOI0 TaKMX KOe(illi€HTIB:

a)HaNpYXEeHHS B peWKax BUMIPIOIOTbCS HE
B kl'c/cM?, a B MIla, nmpu mpomy 1 MIla
10 kI'c/cM?, TOMy BBOJMMO TIEPEBiAHMIT KOEDiLieHT
10;

0)6iuni cunu B cuctemi Cl Bumiprotots y kH,
a He B kl'c, mpu mpomy 1 kH = 100 kI'c, Tomy BBO-
JIUMO B TIPaBY YacTUHY (HOPMYIIH NIEPEBiTHUN KOe-
¢imient 0,01;

B)koedimieHT B Bumiprowts y kH/Mlla, 3a-
MicTh cM?, TIpu 1IbOMY €KCHEPUMEHTAIBLHO BHMi-
psHY JKOpcTKicTh vy dopmyny (9) migcraBisieMo
B KH/MM 3amicTh kl'c/cM, 116 BpaxOBYEMO 3a JIOTIO-
mororo koedimierra 10°, Tomy mo 1 kH/mm =
103 k['c/em.

Ockinbku (9) BXOJUTS SIK CIIIBMHOKHHK y (op-
myiy (1), To BCi KoedillieHTH MOXKEMO MiICTaABUTH
B (9). Toxi dopmyna (9) HaOyme BUIIISAIY:

B=0,086-10-0,01-3[p} -10° =

=0,086- 3p"

y’

(10)

HanpyxeHHsi, 0 BHHHUKAIOTH Y KPOMII IIi-
JTOIIIBU PEHOK Bif Aii 00KOBUX CHUI, BU3HAYAIOTh TaK

[1]:

h, b, z
Gg :—2._11._1.0; +
h+h, bz
h, h b
+—t g —2 .. (11
h_|_+h2 H hl+h2 br 30B ( )
Jie Gp — HaIPYXKCHHS, 1110 BUHUKAIOTh Y KPOMIII Ii-

yen

JIOIIBU PEUKU BiJ [ii BEPTHKAJIBHUX CWII; Gf; — pi-

3HUIS HANpYKeHb, [0 BUHUKAIOTHh Y BHYTPIIIHIH
1 30BHIIIHINA KPOMKaX MiIOIIBHA PEHKH Bix Aii OOKO-
Bux cui; Tomi: hy, hy, z, z,, b,, b. — reomerpuyni
XapaKTePUCTHKY PEKH, IKi BKa3aHi Ha puc. 5.

I I
11 GBOB + cyBH .

op =2 (12)
P >
2
ju I
Ous — O
Gﬁcn_ 3032 BH, (13)
1€ Gu,, Oy, Ou, — CKCIIEPUMEHTAJbHI Hampy-

JKEHHS B 30BHIIIHIHN 1 BHYTPINTHIN KPOMIIi i IOMIBA

Ta 30BHINIHIN TpaHi ronoBkH peiiku, Mlla;
3a3HaveHi BUIE GOPMYIIM OTPUMAaHI 32 YMOBH

PIBHOBAru BCiX CHJI, IPUKIIAJACHUX JI0 PEHKH.
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Uewrp
"1/ obepranus =

| . Teraoxerpuuni
i ¥ ‘

ABIHRKH

Bier
mnaan

Puc. 5. Cxema BUMipIOBaHHS HAaIPy>KEHb
y KpOMKax MiJJOIIBY 1 30BHILTHIA KPOMII
TOJIOBKU PEUKHU!

1 — HeiiTpanpHa Bick; 2 — TOPH30HTAIBHA BiCH,
10 MIPOXOJUTDH Yepe3 LEHTP 00epTaHHs

Fig. 5. Scheme of measuring stresses in the edges
of the rail base and the outer edge of the rail head:
1 —neutral axis; 2 — horizontal axis passing through
the rotation center

st 3pyqHOCTi po3paxyHKiB Bupas (11) 3Bene-
Huii 10 BUrIsAAy [1]:

Of = A Opy + A syt Aoy, (13)
Azzhlzzhz'E_j'Z-lez_Z-(h?ler); (14)
Az:hl:zhz ltj_zzlz2 _2-(h:]1+h2); (15)

[Ticas mpoBeeHHsT CTAaTUCTUYHOT 0OPOOKHU eKC-

NepUMEHTAIBHUX JaHuX orpumani cepenni (H),

MOB

MaKCHManbHi ¥MoBipHi (H..") Ta MakcHMaibHi

cnoc

crocrepexeni (H

) 3Ha4YeHHS TOPU30HTAIBHUX

nornepevyHrx (OOKOBMX) CHII, IIO TIEPEIArOThC Ha
peiki Bij KOJNIC eKimaxiB MmiJ dYac pyxy
3 PI3HUMH IIBUAKOCTAMHU. Pe3yiabTatv HaBeneHi
B Tabm1. 3.

Hani Tabn. 3 cBiguaTh, 110, SK i KPOMKOBI Ha-
MpYKEHHsI, HalO1IbIII cepeHi 3HaYeHHsI TOPU30H-
TaJIbHUX CHWJI BUHHUKAIOTHL BijJ BaroHiB i3 HaBaHTa-
’KEHHSAM 110 25 TC/BiCh, a MAKCHMAJIbHI — BiJ| BaroHiB
3 OChOBHM HaBaHTaXEHHSIM 10 23,5 Tc/BiCh.
VY Bcix BUMajKax OOKOBi CHIIM HE IEPEBUIILYBaH
nomyctumi 120 xH [6].

Tabnuus 3

HUMOB

Cepenni (H ), makenmanbhi iimoBipHi ( Hr;ax ) Ta

MakcuMaubHi ciocrepexeni (H 0

00KOBMX CHUJI BijI oceii, siki Ha0iraloTh Ha peiiku, kH

Table 3

) 3HAYEHHS

Average (H ), maximum probable ( H %) and

T10C

maximum observed ( H ) values of lateral forces
from the axes climbing on the rails, kN

Pyxomuii ckiaz H H :1“;;“ Ho
Jloxomotus (BJI11) 34,28 53,90 61,58
[liBBaron#u (10 25 TC) 29,92 | 46,83 46,99
[TiBBaronwu (10
23,5 To/Bich) 28,60 | 46,12 51,70

HaykoBa HOBH3HA Ta IPAKTUYHA
3HAYHMMICTh

Y po0oTi MPOBEICHO TOCIIPKCHHS TMHAMIYHHX
XapaKTepUCTUK B3a€MOJii Komii Ta pPyXoOMOro
CKJIaqy 30KpeMa: HalpyKeHb Y KPOMKax ITiJOLIBH
peioK, BEPTUKAIBHUX 1 TOPU30HTAIBHUX CHJI BiJl
KOJIic pyxoMoro ckiaay. Ha ocHOBI oTpuMaHux pe-
3yJIbTATIB MOKHA OI[IHUTH JIOTTYCTHMI 3HAYEHHS JH-
HaMIYHOI JIii pyXOMOTro CKJIajy Ha 3ali3HHYHY KO-
1o Uil OOTPYHTYBaHHS HEOOXIIHOCTI 3MiHH HOP-
MaTHUBIB BUTPAT MaTepialiB BEPXHBOI OyJOBH KOJIil
Ta pobouoi cwiin. B cBOIO uepry, 11e J03BOIHTS ILjia-
HYBaTH PEMOHTHO-KOJIiMHI TepMiHH OLIbII €KOHO-
MIYHO JOLIJTHHO Ta 3a ()AaKTUYHUMHU MOKa3HUKaMU
CTaHy BEpXHBOI OYJJOBH KOTii.

BucHosku

3a pe3ynpTaTaMH €KCIEPUMEHTAIBHUX BHIIPO-
OyBaHb BUSBJICHO:

— cepelHl BepTUKAJIbHI HAaBAaHTAXKEHHS Ta, Bij-
MOBIIHO Cepe/IHI BepTHKAJIbHI Jedopmariii Bia Ba-
TOHIB 3 OCHOBHM HABAaHTAXEHHAM 10 25 T¢/Bich 0i-
JIBII HIK BiJ BaroHiB 3 OCLOBHM HaBAHTAXKEHHAM
10 23,5 Tc/Bich Ha 8 BiACOTKIB;

— MaKCUMallbHi BEpTHUKAIbHI HABAHTAKEHHS BiJl
BaroHiB 3 OCHLOBMM HaBaHTa)KEHHAM 25 Tc/BIChH IIe-
peBumIyBanu cepeani HaBaHTtaxeHHS Ha 10,0 TC,
a BIJ BaroHiB 3 OCHOBMM HAaBaHTAXXEHHSAM [0
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23,5 tc/Bick — Ha 12,8 Tc. 3a aOCOMIOTHUM 3HAYEH-
HAM MaKCHUMaJlbHi BEpPTHUKAIbHI HaBaHTAKCHHS
CIIOCTEpITAIHCS BiJl BaroHiB 3 OCHOBHM HaBaHTa-
sKeHHsM 70 23,5 Tc/Bich Ta gocsaranu 35,2 T¢/Bick;

— Cepe/Hi TOPU3OHTAIbHI CWJIH, IO JiI0Th Ha
perKH BiIl KOJIIC BaroHiB 3 OCLOBHM HaBaHTaKCH-
HAM 110 25 T¢/Bick, nopiBHIOBAIHN 2,99 TC, a BiT KO-
JIiC BaroHiB 3 OChOBHM HaBaHTAKCHHSIM 10
23,5 Tc/Bich — 2,86 TC;

— MaKCHMaJIbHI TOPU30HTAIBHI CHIIH i Ha KO-
JIIO BiJ KOJIC BAaroHiB 3 OCBOBHM HABAaHTAXKCHHSIM
1o 25 Tc/Bick mopiBHIOBaNM 4,7 TC, a BiJl KOJIIC Ba-
IOHIB 3 OCLOBMM HaBaHTaKEHHSIM 110 23,5 TC¢/BiCh —
5,2 1cC;

— MaKCHMallbHi BEpTHKAIbHI HABaHTaKEHHS BiJl
BaroHiB 3 OCBOBHM HaBaHTAXKEHHSIM 25 TC/BiCh Ie-
peBumIyBanu cepefHi HaBaHTaxkeHHS Ha 10,0 TC,

a BiJ BaroHiB 3 OCHOBUM HAaBaHTAXXCHHSM JIO
23,5 tc/Bick — Ha 12,8 Tc. 3a aOCOIIOTHUM 3HAYEH-
HAM MaKCHMaJbHI BEpPTHKAIbHI HaBaHTAXKEHHS
CIIOCTEpIraiucs BiJi BaroHIB 3 OCHOBUM HaBaHTa-
SKEHHSIM J10 23,5 T¢/Bich Ta mocsaranu 35,2 T¢/BiCk.

HasBHicTs MOB3YHIB (Y MeXkax MAOIYCKiB 0
1 MM) IPU3BOIUTE O 3POCTAHHS AWHAMIYHHX CEUT
Ha 10-15 %. I1ix yac BunpoOyBaHb HE BUSIBICHO Ba-
TOHIB, Y SIKHX BEepTUKaJIbHA AMHAMIYHA CHJIA TIepe-
Butye 20 Tc, a ropusoHTanbHa — 10 TC . ToMy HO-
PMHU JIONYCTUMOTO JTUHAMIYHOTO BIUIUBY MOXYTh
Oytu mpuiiHATI BimnoBigHO a0 [lomokeHHS mpo
MIPOBEICHHS IIAHOBO-3aIIO0IKHUX PEMOHTHO-KO-
JTHHUX poOIT Ha 3ai3HULX YKpainu [7].
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Permissible Values of the Dynamic Impact of the Rolling Stock on the Rail-
way Track in the Case of Axle Load Increase

Purpose. The study is aimed at determining experimentally the values of the parameters characterizing the dy-
namic effect of rolling stock on the railway track, substantiating the maximum permissible (limiting) values.
Methodology. To investigate the interaction between the track and the rolling stock, the devices to record various
physical processes were installed on the experimental sections. The devices were installed in 8 sections along the outer
railway line. To establish the actual state of the track, field measurements were carried out in accordance with the
Program and research methodology. Findings. According to the results of experimental tests of the impact on the
track, it was revealed that the average vertical loads, and, accordingly, the average vertical deformations, under the
cars with an axle load of up to 25 tf/axle are higher than that under the cars with an axle load of up to 23.5 tf/axle by
8 percent. The maximum vertical loads under the cars with an axle load of 25 tf/axle exceeded the average loads by
10.0 tf, and under the cars with an axle load of up to 23.5 tf/axle exceeded the average values by 12.8 tf. During the
tests, no cars were found in which the vertical dynamic force exceeds 20 tf, and the horizontal force exceeds
10 tf. Therefore, the norms of permissible dynamic impact can be taken in accordance with the Regulations on Pre-
ventive Maintenance and Repair Track Work on the Railways of Ukraine. Originality. The authors conducted
a study to assess the dynamic characteristics of the interaction of track and rolling stock, in particular the stresses in
the edges of the rail base, vertical and horizontal forces from the wheels of rolling stock. Practical value. On the basis
of the results obtained, it is possible to estimate the permissible values of the dynamic effect of the rolling stock on
the railway track to substantiate the need to change the standards for the material consumption of the track superstruc-
ture and labor. In turn, this will make it possible to plan the repair and track periods more economically and according
to the actual indicators of the state of the track superstructure.

Keywords: railway track; axial load; stress; vertical forces; horizontal forces
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An Overview of Tools for Collecting Data on Software Development and
Debugging Processes from Integrated Development Environments

Purpose. This paper presents the findings of a review of the literature published in the twenty-first century in
order to identify and analyze the current state of tools that track developer interactions with integrated development
environments, as well as to recommend future research directions based on the actual state. Methodology. By sys-
tematically searching in five digital libraries we conducted a systematic review of the literature on data collection
tools from integrated development environments published in the twenty-first century. Fifty-five papers were select-
ed as primary studies. Findings. 55 articles were analyzed and the findings show that using an integrated develop-
ment environment to collect usage data provides more insight into developer activities than it was previously possi-
ble. Usage data allows us to analyze how developers spend their time. With usage data, you can learn more about
how developers create mental models, investigate code, conduct mini-experiments through trial and error, and what
can help everyone improve performance. The research community continues to be highly active in developing tools
to track developer activity. The findings indicate that more research is needed in this area to better understand and
measure programmer behavior. Originality. For the first time, systematization and analysis of tools for tracking
programmer's behavior in an integrated development environment have been carried out. Practical value. Our study
contributes to a better understanding of the current state of research on programmer behavior in integrated develop-
ment environments. An analysis of the study can help define a research agenda as a starting point for the creation of
a novel practical tool.

Keywords: software development process; debugging; integrated development environment; literature review

Introduction To assist developers in their daily work, you
need to understand developers' activities, especial-
ly how they develop source code. Ideally, this can
be done by observing developers in their actual
work environment.

The majority of developers nowadays work in
an integrated development environment (IDE). The
usage of an IDE simplifies the development pro-
cess. IDEs are popular among software engineers
because they assist them with day-to-day tasks
such as development and maintenance. Instead of
using the version system repository as a data
source, an alternative is to monitor the program-
mer's activities invisibly from the IDE he is using.

Traditionally, improving software development
productivity has been an important challenge in
software engineering. Given the vast differences in
developer productivity, there is significant poten-
tial to improve support for the programming pro-
cess by better understanding how developers ap-
proach software development and the individual
challenges they face.

A software developer's productivity can be
measured by observing and collecting certain types
of events related to the use of the integrated devel-
opment environment.
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By getting information directly from the IDE, you
can record much more detailed events. Researchers
can learn about developer behavior in such IDEs,
which can help them support (or refute) conclu-
sions on developer behavior in various software
engineering tasks and the use of related tools.

Data on how developers use their IDEs provide
extra information into how they produce software.
The IDE's usage of data collection technologies
allows for a more complete understanding of how
developers work than was previously possible. The
most obvious application of usage data is to exam-
ine how developers spend their time in the IDE by
identifying usage log events and tracking the time
between them. We can acquire a better understand-
ing of the developer's time allocation and uncover
ways to save time by analyzing usage data. When
we monitor a programmer's interactions with an
IDE, we can look for patterns in the flow of inter-
actions that indicate that help is needed and pro-
vide it immediately.

Purpose

In this paper, we examine published research
from the twenty-first century to investigate tools
that track developer interactions with integrated
development environments, based on the findings
of a thorough literature review. The purpose of this
research is to determine whatever tools have been

Google Scholar

Initial Search

ACM Digital library

developed in the research community and how
they might be used. We identified research gaps
and proposed future research directions based on
our findings.

Methodology

The recommendations suggested by Kitchenham
[25], which are among the most widely accepted in
software engineering, were adopted to conduct
a systematic literature review.

We used a well-defined procedure in our review,
which included the following steps:

1. Identifying the research questions.

2. Conducting a database search.

3. Study selection.

4. Filtering studies by assessing their relevance.

5. Extraction of data.

6. A summary of the findings.

7. Writing a review report.

Research questions. We established the follow-
ing research questions to determine the study's
scope:

1. How many tools for tracking developer activi-
ties with integrated development environments have
been developed in the twenty-first century?

2. How have researchers used these tools to col-
lect and analyze developer behavior?

The process we use to select relevant articles is
shown in Figure 1.

IEEE Xplore Science Direct Mendeley

Unique

Application of
selection criteria

Snowballing

Fig. 1. Papers selection methodology
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Initial search. We searched five well-known
digital libraries, such as Google Scholar, ACM,
IEEE Xplore, ScienceDirect, and Mendeley. We
chose these databases because they are very large,
which makes this review exhaustive.

Unique. We merged the results from each da-
tabase into a single set and removed duplicates.

Application of selection criteria. This stage
allows us to determine whether the articles we re-
ceive are relevant to our topics. The abstract and
main text of each article is evaluated to ensure that
they fit the inclusion criteria.

The inclusion criteria are:

1. Twenty-first-century research that is relevant
to our research questions and has been published in
journals or conferences.

2.The article is written in English, Russian, or
Ukrainian, and the full text of the article is availa-
ble.

Snowballing. To decide whether to include
a paper in the study, we looked at the list of all ref-
erences and read the whole text of the article. To
prevent overlooking potentially relevant studies,
we employed the «snowballing» method, analyzing
references for each selected study. The snowball-
ing process was carried out in both directions
(backward and forward).

For each chosen paper, data was collected and
analyzed.

Findings

Now we can answer our research questions.

RQ 1. How many tools for tracking developer
activities with IDEs have been developed in the
twenty-first century?

Overall, we found 55 relevant papers, presented
in Table 1.

These papers are all about a tool that keeps
track of a developer's interactions with an integrat-
ed development environment.

The names of journals and conferences are
listed in Table 1, along with the total number of
papers from each source.

The year-by-year distribution of tools invented
in the twenty-first century is depicted in Figure 2.

RQ 2. How have researchers used these tools
to collect and analyze developer behavior?

We divided the selected tools into three groups
that track: coding behavior, debugging behavior,
and collaborative interaction.

Coding behavior. We have identified 44 tools
to help you understand coding behavior [1-4, 7—
12, 14-16, 21-24, 26-28, 30-40, 42-44, 46-48,
50-56].

These are IDE plugins that track and classify
developer activity by listening for events related to
developer behavior. Researchers used these plugins
to determine how much time programmers spent
writing code in the IDE. They were designed to
track developer activity in the IDE by recording
a range of code editing events, keystrokes, and
keyboard shortcuts when building software. They
allow you to replay a programming session using
fine-grained typing logs and have a timeline.

One of the reasons for observing the develop-
ment of algorithms and program texts is to control
independent work.

These tools can also detect manual refactoring,
which is reworking performed by the developer
without the use of an IDE. BeneFactor [14] identi-
fies developers’ manual refactoring and provides
them with reminders to employ automatic refactor-
ing.

As a result, researchers are investigating new
methods for collecting and analyzing data that
might be used to characterize the coding workflow.

According to studies, code completion is one of
the most commonly utilized features in IDEs [35].

These tools are used to evaluate the behavior of

novice programmers in introductory programming
classes [37]. Recorded transaction history contains
not only information about edits, which shows how
each source file was changed, but also the devel-
oper's interaction with the IDE (i.e., tool usage).
The data also includes timestamps, which can be
used to estimate how much time was spent on
a specific task. The cornerstone for boosting
hands-on learning and lowering time wasted in the
software development process is monitoring de-
velopment style approaches.
These tools make it possible to create systems that
automatically monitor and evaluate the coding pro-
cess, as well as provide adaptive feedback and
programming skill assessments.
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Fig. 2. Tools developed in twenty-first century per year
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Journals and conferences of the selected papers

Table 1

Source Venue Total Referred papers
Program Comprehension Conference 4 [1, 27, 40, 44]
Applied Informatics Conference 1 [2]
Automated Software Engineering Conference 3 [3,19, 32]
Foundations of Software Engineering Conference 1 [4]
Software Engineering Conference 9 [5, 12, 14, 18, 24,
38, 43, 45, 52]
Human Factors in Computing Systems Conference 1 [6]
Current Trends in Theory and Practice of Informatics Conference 1 [7]
arXiv Journal 1 [8]
IEEE Transactions on Software Engineering Journal 1 [9]
Smalltalk Technologies Conference 1 [10]
Dynamic languages Conference 1 [11]
IEEE Software Journal 3 [13, 22, 35]
Systems, Programming, and Applications: Software for Humanity Conference 2 [15, 20]
Eye Tracking Research and Applications Conference 1 [16]
Software Maintenance Conference 1 [17]
Advanced Information Systems Engineering Conference 1 [21]
Ethnographies of Code Conference 1 [23]
Recommendation Systems for Software Engineering Conference 1 [26]
Computer Science Education Conference 1 [28]
Practical Aspects of Knowledge Management Conference 1 [29]
Software Analysis, Evolution and Reengineering Conference 2 [30, 42]
Innovation and Technology in Computer Science Education Conference 1 [31]
Eclipse Technology Exchange Conference 1 [33]
Visualizing Software for Understanding and Analysis Conference 1 [34]
Object-Oriented Programming Conference 1 [36]
Special Interest Group on Computer Science Education Conference 2 [37, 54]
International Journal of Technology Enhanced Learning Journal 1 [39]
Software Quality, Reliability and Security Conference 1 [41]
University of Lugano Thesis 1 [46]
Software Process Conference 1 [47]
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Continuation of Table 1

Journals and conferences of the selected papers

Source Venue Total Referred papers
Computer Sciences and Information Technologies Conference 2 [48, 49]
Instrumentation Technology Conference Conference 1 [50]
Asia-Pacific Software Engineering Conference Conference 1 [51]
Software Maintenance and Reengineering Conference 1 [53]
Evaluation and Usability of Programming Languages and Tools Conference 1 [55]
Software Engineering Research and Practice Journal 1 [56]

Debugging behavior. We have identified
5 tools to help you understand debugging behavior
[5,9, 35,41, 49].

Debugging is an unavoidable aspect of almost
all software development projects, and it is usually
more difficult and time-consuming than expected.
These tools collect information on debugging in
the IDE debugging infrastructure, how program-
mers debug, and what debugging tools and ap-
proaches are available. They help researchers col-
lect and share data on interactive debugging at-
tempts by developers [41]. Using their previous
debugging sessions' knowledge, developers can go
through call method sequences and find appropri-
ate breakpoints.

Researchers can use such tools to uncover use
patterns and smells that help them better under-
stand how usable development environments are
for debugging.

Breakpoints and step-by-step code examination
are the most often used debugging functions, while
sophisticated debugging options in IDEs are un-
derutilized [5]. Developers often avoid complex
debugger functions such as breakpoints, and prefer
simpler debugging techniques such as «printf de-
bugging». Even when more efficient commands
are available, users tend to utilize only a few de-
bugging commands [9].

Programmers spend the majority of their time
reading and interpreting source code, according to
the research. They believe that running the applica-
tion with a debugger numerous times is the most
effective way to comprehend the code. This sup-
ports the hypothesis that debugging is used to both
understand the source code and find bugs.

By examining how developers use IDEs, it is
possible to uncover patterns of programmer behav-
ior during debugging and identify the issues they
face.

Collaborative interaction. We have identified
8 tools to help you understand collaborative inter-
action [6, 13, 17-20, 29, 45].

These tools make it easier for team members to
keep track of each other's work and give them fast
access to important information for group commu-
nication. They provide details about the files that
other members of the team are working on and
changing. Such information includes which code
files are being modified, who is modifying them,
and how they are being used.

The developer can use such a tool to see which
team members are looking at which files, methods,
and classes are now being changed.

These tools integrate collaboration features like
text and VolP chat to the programming environ-
ment. It displays which people are online as well as
whether or not they are editing or debugging.

These tools are extensible, which means that
they can be enhanced and integrated into other sys-
tems.

The key challenge these technologies confront
is finding a balance between giving essential in-
formation about team members' actions while not
overburdening developers with useless data.

Recommendations. The majority of research
have created their own artifacts for designing and
performing experiments that are not publicly avail-
able. As a result, they cannot be used to reproduce
investigations or run new experiments. As a result,
researchers should make their data available to
other researchers who want to replicate their find-
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ings, while accurately disclosing the criteria and
elements they used to design and execute the in-
vestigations.

Usage data can be useful, but developers may
have some concerns about the privacy of the data
being collected and to whom the data is shared.
These worries emerge mostly because the infor-
mation gathered could disclose specific developers
or portions of the source code that organizations
are developing.

Steps such as encryption of critical pieces of in-
formation can be implemented to reduce worries
about the confidentiality of obtained data. Devel-
oper names, window headers, file names, and
source code identifiers, for example, might be
hashed to obfuscate the data and limit the danger
of acquiring information identifying the developer
or the projects and code they are working on.

Originality and practical value

The tools for tracking programmer activity in
an integrated development environment were sys-
tematized and studied for the first time.

This systematic literature review complements
existing research on tools that track developer in-
teractions with the integrated development envi-
ronment in three ways:

1. An examination and demonstration of all
twenty-first-century tools.

2. A summary of tool development issues that
have been resolved.

3.Making recommendations for future re-
search.

We believe that conducting this systematic lit-
erature review at this time is crucial because it
brings together all of the past research and can help
researchers avoid misusing IDE use tracking tech-
nology in software engineering research.

As a result, it can serve as a starting point for
future research into programmer behavior in an
integrated development environment.

Conclusions

We conducted a systematic literature review to
determine the current state of tools that track de-
veloper interactions with integrated development
environments. We found 55 papers that were relat-
ed to the creation of a tool for tracking developer
engagement in IDEs. We also provided advise to
the software development community and a list of
ideas for academics interested in developing a tool
to track developer activity.

Our findings contribute to a better understand-
ing of where programming behavior research in
integrated development environments stands right
now. An examination of the research findings can
assist in the development of a research agenda,
which can subsequently be used to create a new
practical tool.

The research community continues to be highly
active in developing methods to track developer
activity. Further research in this area is needed to
better understand and evaluate programmer behav-
ior, according to the findings.
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Orasig iHCTpyMEHTIB 300py JaHUX PO NPOLECH PO3POOKH TAa HAJIATOAKEHHS
NMPOrpPaMHOro 3a0e3ne4eHHs 3 IHTErpOBaHUX cepeJOBHIL PO3POOKHU

Mera. Y wiii crarTi nependadeHo IMPOBECTH OIS JIITEpaTypH, OIMyOIiKOBAaHOI Yy ABAUATH MEPIIOMY CTOJITTI,
i3 METOI0 BHABJICHHS Ta aHANi3y NMOTOYHOTO CTaHy iHCTPYMEHTIB, SIKi BiJCJiJKOBYIOTh B3a€EMOII0 PO3POOHHUKIB
3 IHTErpPOBaHMUMH CEPEIOBHUIAMH PO3POOKH, a TAKOK HAaJATH PEKOMEHAALII IS MOAaIbIINX JOCITIKEHb Ha OCHOBI
motouHoro crany. Meroauka. [IIIsIxoM CHCTEMAaTHYHOTO TMOMIYKY B I'SITH €NEKTPOHHUX 0i10Ti0TeKax MU IPOBEIH
JeTaTbHUN OTIIAM JITepaTypy OI0A0 IHCTPYMEHTIB 300py JaHWX 3 iHTETPOBaHUX cepenoBUII po3podku. Bymo Bimid-
paso 55 incTpymeHTiB. Pe3yabTaTn. AHaNi3 OTPUMAaHUX IHCTPYMEHTIB IIOKa3ye, M0 BUKOPUCTAHHS iHTETPOBAHOTO
cepeioBHIIa po3poOKH It 300py AaHUX JIO3BOJISIE Kpalle 3p0o3yMITH il po3pOoOHHMKIB, HIX 1€ OyJI0O MOXIIMBO pa-
Hime. /lani i3 cepeaoBHI pO3pOOKH JTO3BOJIIIOTH HAM aHANI3yBaTH, K PO3POOHHMKH MPOBOASATH CBIM Yac, Ai3HATHCS
OijbLIe PO Te, IK BOHH CTBOPIOIOTH MEHTAJIbHI MOAENI, JOCIIKYIOTh KOJI, IIPOBOJISITH MiHI €KCIIEpUMEHTH, pOOIIs-
YM CrIpoOu W JIOMyCKalo4M IOMMJIKH, a TAKOXK 3’CYBaTH, 1[0 MOXKE JIOMIOMOI'TH KOKHOMY IiIBUIIUTH NPOJYKTHB-
HicTb. JloCHiHUIIEKE TOBAPUCTBO MPOJOBKYE PO3POOJISTH IHCTPYMEHTH AJIsl BIICHIAKYBAaHHS aKTHMBHOCTI po3po0-
HukiB. OTpUMaHi JaHi CBi4aTh, IO B Iii ragy3i HEOOXIJHI TOJATKOBI TOCIIIHKECHHS, 00 Kpalie 3p03yMiTH OBe-
niHKy nporpaMictiB. HaykoBa HOBH3HA. YIiepiie MpoOBEACHO CHCTEMATH3AIlI0 Ta aHAN3 iIHCTPYMEHTIB BIACIIAKY-
BaHHS TIOBEIIHKM TIPOTPaMicTa B IHTErpoBaHOMY cepenoBumli po3poOku. IlpakTmyHa 3HaummicTb. OTpuMmani
pe3yIbTaTh CIPHAIOTH KPalOMy PO3YMiHHIO IIOTOYHOTO CTaHY JOCIIPKeHb MOBEIIHKH MPOTPaMiCTiB B iHTETpoBa-
HHUX CEepeIOBHINAX PO3POOKH Ta MOXKYTh JOINOMOITH BU3HAYMTH IUIAH SIK BIANPABHY TOYKY Ul CTBOPCHHS HOBOT'O
NPaKTUYHOTO IHCTPYMEHTY.

Knrouosi cnosa: nponec po3poOKU IPOrpaMHOro 3a0e3IeUeHHs; HaJlaroUKCHHS; iHTErpOBaHe CEPEIOBHILE PO3-
pOOKH; OTJIsiA JIiTepaTypu
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IIporpamua monesab 1Ji1 BU3HAYECHHSI ONTHMAJIBHUX MAapLIPYTIiB
Y KOMII’IOTepHiii Mepexi 3a ABOKOJOHIAJbHUM MYPALINHAM AJITOPUTMOM

Mera. Ha cygacHOMY eTarii B KOMIT IOTepHUX Mepexax iHpopMariiHo-TenekomyHikamiitHoi cucremu (ITC) 3a-
J3HUYHOTO TPAHCIOPTY BHUKOPUCTOBYIOTH mpoTokon OSPF, skuii He 103BOIsE BPaxOBYBaTH AEKINbKAa METPHUK ITiJ
Yac BU3HAYCHHS ONTHUMAIBHOTO MapmpyTy. ToMy MH CTaBUMO 32 METY AOCIIANTH MOXKIIHMBICTh OpraHizawii MapIi-
pyTH3anii B KoM 1oTepHuX Mepexax [TC 3ami3HIYHOTO TPaHCIOPTY 33 JOTIOMOTOI0 JBOKOJIOHIAJBHOTO Mypalln-
Horo anroput™My. Metoamnka. 3a nporpamuoio Moxeinto « TwWo—ACOy, ctBopeHOr0 MOBoro Python 3a nBokomonia-
JHHAM MYPAITUHAM AITOPUTMOM, BU3HAYEHO ONITUMAIFHIA MapIIpyT y KOMII IOTEpHIN Mepexi. BXigHi maHi Moaeni
«Two—ACO»: napaMeTpy KOMI'IOTEpHOT Mepexki (MaTpHLsA CyMiIXXHOCTI MepexKi, KIIbKICTh MapUIpyTHU3aTOpiB); Ia-
paMeTpu MypalIMHOTO alropuTMy (KUIbKICTB iTepalliif; KibKiCTh Mypax Yy KOJIOHIT; KiJIbKICTh €ITHUX Mypax; nova-
TKOBHH piBeHb (pepoMOHy; KoedillieHT BUNIAPOBYBAHHS; apaMeTp JUIsl PEryJIIOBaHHs BEIWYMHH BiIKIaJeHOTO (e-
pomoHny). PesyabraTn. BusHaueHHs 3a nmporpamHoro Monemno «Two-ACO» onTHMalbHOTO MapUIpyTy IOJaHO
y BHUIIIsAI rpadiB 13 300pakeHHSIM Ha HUX ONTUMAIBHUX HIIIXIB: 32 KPUTEPIEM CyMapHOI 3aTPUMKH Ha MapUIpyTH-
3atopax (Uil mepuroi KOJIOHIT Mypax) Ta KUIBKICTIO XomiB (Juisi npyroi kosonii mypax). HaykoBa HoBu3Ha. 3a
CTBOPEHOIO MpOorpamMHOI0 Momeintio «TWO—ACO» mist KoMIT I0TepHOI MepeKi i3 7 MapmpyTu3aTopiB Ta 17 xaHaiiB
MIPOBEICHO JOCIIIPKEHHS Yacy BU3HAYCHHS ONTHMAJIBHOTO NUIXY 33 KUIBKICTIO 3BUYaHHUX Ta ENITHUX Mypax, 3Ha-
YEeHHSIMHU Koe(illieHTa BUNApOBYBAHHS Ta BiAKIAaAeHOTO (epoMOHy. Y CTaHOBIICHO, IO TOCTATHHO BUKOPHCTOBYBA-
TH KUTBKICTh MypaX, IO JOPIBHIOE KIJIBKOCTI MapIIPYTH3aTOPiB, MaTH B KOJIOHII 2 €NMTHUX Mypax, MPH IIbOMY BH-
cradae 1 000 itepariif, koedimienTta punapoByBanHs Big 0,2 1o 0,7, a BiakimageHoro GpepoMoHy Mypaxamu OJIM3BKO-
ro a0 oguuuui. [IpakTuuna 3naunmicts. CTBopeHa nporpamua mojieib «TW0—ACO» 3 BUKOPHCTaHHIM JIBOX KO-
JIOHIM Mypax 3a 3arajJbHOI0 3aTPUMKOI0 Ha MapUIPyTH3aTOpax Ta KUIBKICTIO XOIiB, HIO CKJIaJal0Th MaplupyT,
JIO3BOJISIE TIapajiejbHO BU3HAYMTH ONTHMAalbHI MapLIPyTH B KOMIT'IOTEPHIH Mepexi 3ajli3HUYHOTO TPaHCIOPTY.
3’sicoBaHo, 110 JJIs KOMIT I0TepHOT Mepexi 3 15 mapuipyrusaTopiB ta 17 kaHaiiB gocrtatHbo Matu 30 areHTiB (1BOX
Mypax Ha BEpIIHHY), 3HaUCHHS (PepOMOHY, BIIKIAJICHOTO areHTaMH, OJH3bKE 10 OJWHHII, MPH HbOMY KOEQII[iEHT
BHITApOBYBaHHS ckianae 0,4.

Kniouosi cnosa: 3anmi3HWYHUI TPAaHCIOPT, KOMII'IOTEpHA MepeXka; MaplIpyTH3aTop; 3aTpUMKa; JIBOKOJIO-
HiaJIbHUI MypalIMHUI alNropuT™; EpOMOH; BiJIKJIaIaHHS; BUNIAPOBYBAHHS; 4ac MOUIYKY

Beryn MiIX0/1aX 10 MapIIpyTu3amii B KOMIT IOTEPHUX Me-
pekax 3aJi3HHYHOTO TPaHCIOPTY, 30KpeMa 3 BH-
KOPHCTaHHSIM MYJIBTHATEHTHUX METO[IIB IHTEJNeK-
TyaJIbHOT ONTHMI3allii: MypamMHUI aJropuTM,
OJUKOJIMHUIA QJITOPUTM, METOJI YacTOK, METOJI Iie-
peMirieHHs OakTepiii Ta inmm [1-11, 14, 15].

OnHuM 13 HaOLIBII PO3MOBCIOMKEHUX € MY-
palIMHUK ANTOPHUTM, MEPLIYy BEPCIiI0 SKOro 3ampo-
noHyBsaB Mapko Jlopiro [9].

VY nopanpmomMy MypamMHUR alrOpyuTM AJsl OT-
pUMaHHS PO3B’SI3KY PI3HMUX 3a7jady BUKOPUCTOBYBa-
nu Taki BueHi: b. Byneuxaiimep, K. 'ambapenna,
C.I'mymxo, A. IlaBmenko, P.Xaptm, X. Xooc,

OCHOBHHMM NHUTaHHSM i1 Yac (QyHKIIIOHYBaHHS
KOMIT'IOTEPHUX MEPEeX 3ali3HUYHOTO TPAHCIOPTY
€ oprasizalliss MapIIpyTH3allii, IO TOCITAEThCA Ha
CYy4acHOMY eTali BHKOPHUCTAHHSM BiJIOMOTO IpO-
Tokony OSPF 3a mpuHIIUTIOM MONIYKY HAHKOPOT-
LIOT0 IUISIXY. AJIe TaKUil MPOTOKOJ MapLIpyTH3a-
1ii He MOXKe IMpaLIOBaTH B YMOBax pi3koi 3MiHH
THTEHCUBHOCTI TMOTOKIB Tpadika, a TakoX 3MiHH
KOH(}irypamii Mepexi Ta BpaxyBaHHS JEKiIbKOX
METPUK BH3HAYCHHS ONTUMAIBHOTO  LUISAXY.
VY 3B’SI3Ky 3 IIUM BUHHKA€ HEOOXIZAHICTh B IHIIMX
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C. lIToeba, K. Ilrpaycc, T. lTroTiyie Ta iHmi.
Tak, Hanpukiaz, y pooori [6] C. [1. IlIToBba mogas
pe3yibTaTH PO3B 3Ky 3amadi KOMIBOSDKEpa IS
pizHuX Moaudikauii MypalIMHOTO ANTOPHTMY.
VY pob6ori [2] A. 1. [TaBnenko ta ¥O. IT. TutoB mo-
CINIIWIHM  CTpaTerii MypallmHOTO  aITOPUTMY.
C. I. I'mymiko # T. B. KakaryHnoBa B po0oTi [1] Bu-
KOPHCTOBYBAJIH HEYITKY MOIUGIKAIIIO aIroOpuT™My
MypAaIIMHAX KOJIOHIH.

ABTOpH 1€l cTaTTi BXKE HagaBalld PO3B’SI30K
3amadi  MapmpyTH3aimii B 1H(pOpPMAaIIHHO-
TenekoMyHikamiiHii cucremi (ITC) 3ami3HMIHOTO
TPAHCHOPTY 3 BUKOPUCTAHHIM MYPAIIMHOTO METO-
Oy Mg 49ac mepegadi KepiBHUX IOBiIOMIICHbB, IO
moTpedye 1MOoOYAOBH MIiHIMAJIBHOTO KiCTSKOBOTO
nepeBa. OMHAK HaWJaCTIIe HEOOXiTHO BU3HAYUTH
ONTUMAJbHUN MapIIpyT MK 3aJlaHUMH BY3JaMH
koM’ roTepHoi Mmepexi ITC, Taka 3anaua Moxe 0y-
TH PO3B’s3aHa K Ha OCHOBI KJIACHYHOI'O alIrOpHUT-
My, 30KpeMa anropurmy JledkcTpu, IO JIEXKUTH
B ocHOBI ripoTokory OSPF, Tak i 3 BUKOPHCTaHHIM
HEHPOMEpPEKHOI TEXHOJIOTII, HApUKIIaI, HEHpOH-
HOi Mogmeni [13] Ta HelipoHediTkoi Mepexi [12].
AJe mij 4yac BUKOPUCTaHHs anroputMmy JlerkcTpu
K KpUTEpill MOKHA PO3IILIHYTH JIMIIEC OJHY MET-
PUKY, @ BHKOPHUCTAHHS HEHPOMEPEKHOI TEXHOJIOT11
notpedye MpPOBEIEHHS JJOJATKOBHX IOCIHiIKEHb
BU3HAYCHHSI ONTUMAJIbHUX [apaMeTpiB HEHPOHHOT
(HelipoHeUiTKOi) Mepexi. 3acTOCYBaHHS Mypallu-
HOTO aJTOPUTMY [JO3BOJIUTH BHU3HAYHUTH OITH-
MaQJIBHUI MapuIpyT y KOMII'IOTEpHIH Mepexi 3a
PI3HUMH METpPHKaMH MapajeibHO, BUKOPUCTOBYIO-
91 OJHOYACHO Pi3Hi KOJIOHII Mypax.

[nest MypalmmHOTO aNrOpUTMY — MOJICTIOBAHHS
MOBEJIHKK Mypax, IO MOB’S3aHO 3 IX 3JaTHICTIO
LIBUJKO 3HAXOAWTH HAWKOPOTIIMH LUIAX BiJ MY-
pamHMKa J0 JpKepena TKi Ta ajanTyBaTHCS JI0
3MiHHUX yMOB. [1ix yac pyxy Mypaxa MiTUTh IUISX
(dhepoMoHOM, 1 IO 1HPOPMAILII0 BHKOPHUCTOBYIOTh
iHON mMypaxu g BuOopy nuisaxy. IloBenminka my-
pax MoXe MaTH Pi3HUH MaTeMaTHYHUNA OIHC, TOMY
icHytoTh Taki moaudikamii: Elitist Ant System,
Ant-Q, Ant Colony System, Max-min Ant System,
ASrank. BigMiHHUMH OCOOJMBOCTSAMU HASBHUX
MoJU}IKaIi AITOPUTMY € BBEJCHHS EJIITHUX MY-

pax, MexaHi3M BHJiIIEHHs Ta BUMapoByBaHHS. Ha
Cy4JacHOMY €Talli IporpaMHa peaji3allisi Mypalin-
HOTO aITOPUTMY 3[ilCHEHa Pi3HUMH HAYKOBISIMHU
B Delphi, C++, Java, Maple, MatLAB.

Meta

Y miit poboTi MH TepembadacMo BU3HAYUTH
ONTUMAIBHUN MapHIPyT Y KOMII IOTEPHIH Mepexi
3alli3HHYHOTO TPAaHCHOPTY 3a JBOKOJIOHIATbHUM
MypalIMHAM aJITOPUTMOM, JJIsi TPOTPaMHOI pe-
anmizanii skoro obOpano moBy Phyton, a takox
3’CyBaTH TapaMeTpd MYPAIIUHOTO aNTOPUTMY
Ha OCHOBI CTBOPEHOI MOJIETI.

MeToanka

Tlocmanoexa 3adaui. KoMIT'IOTEpHY MEPEKY,
10 NeXuTh B ocHOBI ITC 3ami3HIYHOTO TpaHCIOp-
Ty, MOYKHa TIo/1aTH 5K 3Bakenuit rpad G (V, W), ne
V — MHOXMHa BepmMH Tpada, KiTbKICTh SKHX
JOopiBHIOE B, mpuioMy KokHa BEpIIMHA MOJEIIOE
cobor0 By3on (mapmpyrtuzarop) wmepexi; W —
MHOXHHa pebep Tpada, KoxxkHe peOpo MoAemroe
3B’S30K MDK BYy3JIaMH; KUIBKICTh pebep Tpada
nopiBatoe M. PosrisiHemo ¢parmMeHT Takoi Me-
pexi, 300paxenuii Ha puc. 1 (B = 15, M = 17).
KoxHoMy peOpy rpada mpucBoeHa neBHa Bara ij
(vac mepenaui makeTa 1o JiHii 3B’A3Ky BiJ | 10 j-TO
MapuipyTu3aropa Mepexi 3 ypaxyBaHHSIM ce-
penHbOl 3aTPUMKH TakeTa Ha i-My MapIipyTu3a-
Topi, Mkc). HeoOXiHO BH3HAYUTH ONTUMAbHUN

mapupyt L1 mixk 3azaHuMu Mapupytusatopamu
KOMIT FOTEPHOI MEpexKi 3a KPUTEPiEM:
>4 i min
(i, ek, ’

a ONTUMAJILHUN MapuipyT L23a KpUTEpieEM:
K — min

ne K — KUTBKICTh XOMiB, IO CKIIQJIAI0Th MapIIpyT.

[TporioHOBaHa METOAWMKA BH3HAYAE MAapLIPYTH
napajenbHo (OJHOYACHO) 3 BUKOPUCTAHHSIM pi3-
HUX KOJIOHIH Mypax.
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Fig. 1. Computer network router connection graph

bionozciunuii ananoe. Mypaxu BUKOPUCTOBYIOTb
IBa criocoOu mepenadi iHpopManii: npsamuii — 00-
MiH eto, Bi3yanbHi i XiMiUHI KOHTaKTH, 1 Henpsi-
Muil — crurmepxi [9]. Cmuemepoici (stigmergy) —
IIe BIIOKPEMJICHHWI y dYaci THII B3a€EMOJii, KOIHU
OJIMH CY0’€KT 3MIHIOE JIESKY YaCTHHY HaBKOJIHII-
HBOTO CEpEeJIOBHINA, a IHIIN BUKOPUCTOBYIOThH iH-
(dhopmMmariito mpo WOro cTaH Mi3HIIIE, KOIU Tepedy-
BalOTh Y Horo Mexax. bionoriano cturmepiki 31ii-
CHIOETBCS uepe3 (pepoMOoH — creliaabHUN CeKperT,
SIKUM Mypaxu BiJKJIaJAIOTh SK CIIJ IMiJ 9ac mepe-
MiteHHst [6]. @epomon (pheromone) — NOCHUTH
CTiliKa pe4OBHHA, HOTO MypaxH MOXYTh CIIpHiMa-
TH KibKa 1i6. YuM BUIa KOHIEHTpaIlis Ghepomo-
Hy Ha NUIAXY, TUM Oijbllle Mypax OyJe 1o HbOMY
pyxarucs. I3 yacom hepoMOH BHNAPOBYETHCS, IO
JI03BOJISIE MypaxaM aJanTyBaTH CBOIO TOBEIiHKY
miJ 3MiHy 30BHIIIHHOT'O CepeaoBHINA. Posmomin
(depoMOHy 1O TPOCTOpPY TIEpPECyBaHHS Mypax
€ CBOr0 POJAY IWHAMIYHO-3MIHHOIO TJI00aJIbHOO
nam’aTTI0O  MypamiHuka.  byap-sika  mypaxa
y ¢ikcoBaHMII MOMEHT 4Yacy MOXE€ CHpUIMAaTH
W 3MIHIOBATH JIMINE OJHY JIOKAJIbHY KOMIpPKY ITi€l
rnobanpHoi mam’sTi [6]. CamoopranizoBaHa cuc-
Tema 0a3yeThCs SIK Ha NO3UTUBHOMY (iHILI Mypaxu

YKPITUTIOIOTH (PEpOMOHHY TpOITy) TaK i HAa HETaTH-
BHOMY (BHUMapoByBaHHS ()EPOMOHHOI TPOIH) 3BO-
pPOTHOMY 3B’sI3KY, pHUC. 2.

‘F\

5P Y—r

| 2 3
Puc. 2. [Ipoknaganas MapmipyTy Ha OCHOBI (pepoMOHy

Fig. 2. Routing based on a pheromone
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Mamemamuunuii anapam. PoboTa moYMHAETH-
Cs 3 PO3MIIIEHHS Mypax y BepIInHax rpada, moTim
BiIOYBa€ThCS PyX Mypax — HAmpsiM BHU3HAYAIOTh
IMOBIpPHICHUM METOJIOM Ha TijicTaBi BilomMoi (hop-
MYJIIN:

1. f.P
0 i
i s q p
(R %
k=0
ne B - IMOBIPHICTB MEPEXOy IUIIXOM I; I - Jo-

BXKHHA I-TO TEpPexomny; fi — kinbkicts (dhepomoHiB
Ha i-my mepexoxi, Y- Bemmumna, ska BH3Hauae
«OKaTiOHICTEY aNTOPUTMY; P _ Benuuuna, sixa Bu-
3HaYa€  «CTAIHICTB»  AITOPUTMY,  HIPHUOMY
q+p=1

Kinmbkicte Gepomony, sikuii OyB 3anHIIeHUA Ha
KOJKHOMY peOpi muisaxy s mypaxu K, pospaxo-
BYIOTh 3a JIOTIOMOTOK0 ()OPMYJIH:

()= ——
] Lk (t)

e LX(t) — momxuna musxy mypaxu K Ha itepanii t.
st 301MbIIeHHS KiTBKOCTI ()epOMOHY B3HOBK

KOKHOTO pedpa MpOHIEHOT0 Mypaxoro IILIIXOM,

OTPUMAHHUN PEe3yNbTaT OOYHCIIOETHC 3a QopMy-

JI0I0:

Ty (t+1) = dry() + (1) -

BunapoByBanas ¢epoMOHy BH3HAYAIOTH 3a
hopmyoro:

7; (0 =1;()-(1-p),

Ie p — KoedillieHT BUIIApOBYBaHHS, 1[0 MOXE Ha-
OyBatu 3HaueHHs Bix 0 o 1.

[IporpaMHa peaizaiiisi MypaIliMHOTO aJTOPUT-
My BUKOHaHa MoBO Python 3 BukopucTaHHIM
(bpeiiMBOpKY U BIKOHHUX iHTepdeiiciB Qt, a Ta-
kox 0i0moTek NetworkX Ta Matplotlib as Bimgo-
OpaxkeHHs rpadiB Ha eKpaH Ta BU3HAUEHHS OITH-
MaJILHOTO MapmpyTy B Mepexi [3]. ¥ mporpami
crBopeHi knmacu: NetworkX, mo Jo3Bosie Impen-
craBnsaTu Mepexy sk rpad, Ta ACO (Ant Colony
Optimization) mis poOOTH 3 aITOPUTMOM Mypa-
LIMHOI ONTUMI3aLii.

BxijHi mapamerpu Mojeni: N — KiJIbKICTh Map-
HIPYTH3aTOpiB; graph — MaTpuis CyMiXKHOCTI Me-

pexi; iteration — kimeKicTh iTeparmii; ants —
KiJbKiCTh Mypax y kousoHii; elite_ants — kinbkicTb
emiTHux mypax; phero_lvl — modaTkoBuii piBeHb
(hepoMoHy; M0 — xoedillieHT BUIIAPOBYBaHHS; (| —
mapaMeTp Uil PeryJioBaHHS BEIWYMHH BiAKIa-
IeHHs pepoMOoHy.

PesynbraTtu poGoTH MOJIENI MOAA0Th Y BUTIISIL
rpadis (Figurel, Figure2) i3 300paskeHHSM Ha HUX
ONTUMANBHUX IUIAXiB: 32 KPUTEPIEM CyMapHOi 3a-
TPUMKH Ha MaplpyTu3aTopax (I mepuioi Kojo-
Hii Mypax) Ta KiIbKICTIO XOMiB (AJ1s1 Zpyroi KoJoHil
Mypax).

OOMerxeHHS, SIKI HaKIaJaloTh Ha IMPOTPaMHY
MOJIeNb: Koe(illieHT BUIIAPOBYBaHHS HAOyBae 3Ha-
geHHA MK 0 Ta 1 (BKIFOYHO); KUTBKICTh €IIITHUX Ta
3BHYAHUX Mypax He oOMexeHa. BuzHadeHo, 110
3a N > 20 (KiJIBKICTh MapUIpyTH3aTOPIB Y MEPEKi)
ta iterations > 10 000 (kimeKicTh iTepariii) mpo-
rpamMHa MOZEJb OYMHAE MPAIFOBATH HOMITHO II0-
BiJIbHIIIIE. 3arajibHa CTPYKTypa MPOrpaMHOi Mojie-
ai «Two—ACO» nomana Ha puc. 3 [3].

Y mporpami crtBopenui kiac Network, sxuit
JI03BOJISIE€ TIPEACTABISTH KOMIT FOTEPHY MEPEeXy 5K
rpad. Knac mae Taki BmactuBocTi: routers_num,
IO MOKAa3ye KUTBKICTh MapIIpyTU3aTOpiB y rpadi;
graph — maTpuis cymi>KHOCTI Au1sl Tpada Mepexi;
cost — dyHKIis, siKa TpriiMae IBa HOMEPH MapHIpy-
TH3aTOPIB SIK ApPT'YMEHTIB Ta MOBEPTAE 3aTPUMKY.

Knac ACO (Ant Colony Optimization) — kiac
U1t pOOOTH 3 aNTOPUTMOM MYpAIIMHOI ONTHMI3a-
mii, o Mae Taki BIAcTHBOCTI: iterations — Kijb-
KIiCTh iTepamiii anropuTMmy; ants — KiIBKICTh 3BH-
JallHUX Mypax y KousoHii; elite_ants — kinbKicTh
eNTHUX Mypax y KousoHii; phero_Ivl — mogarkoBwmit
piBeHb (hepoMOHY; @ — BElMYMHA, IO BH3HAYAE
«KamiOHicTR» anroput™y; b — Benuunua, 110 BU-
3HAYa€ «CTAJHICTHY aJrOpUTMY; IO — BEIWYHHA,
[0 BU3HAYa€ «IIBUKICTHY BUIMIAPOBYBaHHS (epo-
MOHY; ( — HapaMeTp Uil peryJIIOBaHHsS BEJINYNHH
BiIKIageHHS (DepOMOHY, a TaKOXK Taki (DYyHKII:
init phero — YCTaHOBJIOE IOYATKOBY KIJIbKICTh
dbepomony B Mepesxi; calculate_probs — pospaxo-
BYE€ MOXIIMBOCTI TIepeAadi AaHWX MK CYCiTHIMH
Mmapipytusaropamu; recalculate_phero — gpynxiis
JUIsT KOPUT'YBaHHS PiBHS (DEpOMOHY, 3aJHMIIEHOrO
3Buyaitnumu Mypaxamu; recalculate_elite_phero —
(GyHKIIS Ui KOPUT'YBaHHS piBHS (epOMOHY, 3a-
JIMIICHOTO eNITHUMH Mypaxamu; path — ¢yskiis,
110 BH3HAYA€ HAMKpaIuid NUIIX MK JIBOMAa MapIi-
pyTH3aTOpamH.
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Network
- routers_num cost()
-graph
Interface/Qt Ininiamizanin
( rpacy NetworkX
OrpuMannsn
BXUIHHX TAHHX Busix rpagy 3
HalKpamum
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IISIXOM Ha eKpal
+ - iterations
Ininiamizanin ants
» MYpalHHOT phero v

KoJIOHiT

!

Pospaxysanns
HAHKpPALLOIo

HIJISAXY

q

init_pherof)
calculate_probs()

Puc. 3. 3aranbHa cTpykTypa cTBOpeHOI mporpaMHoi Moeni «TwWo—ACO»

Fig. 3. General structure of the created Two-ACO software model

Hepwui moocrueuil eunadox. 3a 3HAYEHb 3a-
TPHUMOK, sIKi BKa3aHi Ha puc. 4, mporpamHa MoJielb

«Two-ACO» wmix BepumHamu Vo Ta

ontuManshi MaprupyTh (puc. 2): Vo™ Ve —? Vg=

Vs "Hanmana

2120 + 1478 = 3598 mkc (Figurel 3a mepurinm
kpurepiem); Vo —> Ve —? V. = 2 (Figure2 3a apy-
UM KPHUTEPiEM), TP LBOMY CyMapHE 3HaueHHS
3aTPUMOK 30iraeTbes Ta ckiagae 3 598 Mkc.

Mepexa MypawumHuit anroputm

KinbxicTs MapwpyTHaaTOpiE: KinbiicTs irepavii anropimy:
-

KinuricTe Mypan y konowii:
Jomzitmin:

Satpmn:

Sazarecs s saaa cpmner, Enimiie:
T T —

-0

Lompar

A oseios pisess deponcey:

LWenaricTs Bunapoeysana(D, 1]:

n

o v [+

%‘ﬁ ]
Bansrutna sigananesHs depomosy: ¥ k—jﬁ.\“\

#¢)d] +Ql= 8

- 0 x| frgwer

/

o a
&

4oy _

oo | €] ﬂgg 2 1M1y=-008

Puc. 4. Bu3HaueHHs 3a MPOrPaMHOI0 MOJIEIUTIO ONTHMAIIBHOTO MapUIPYTy 33 PI3HUMH KPUTEPIsIMU
(3a 3aJ]aHNX 3HaYEHb 3aTPUMOK Ha MapIIpyTH3aTOpax)

Fig. 4. Determining the optimal route according to the program model based on various criteria
(for set delay values on routers).

Hpyeuti moocnusuil eunadox. IlpoBenemo 3a-
MYCK MpOrpaMHOi Mozelni 3i 3MiHOIO 3HAa4YeHb 3a-
tpumok (Vo > Ve= 2478 mkc; Vg —> Vi =2 954

MKC), puc. 5. YV mpoMy BHUNAAKy NpPOTpaMHa MO-
nens «Two—ACO» mix BepmmHamu Vo Ta V4 Ha-
Ja€ BXKE IHIIMH ONTUMAIBHUHA MapuipyT (JIUB.
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puc. 5): Vo > Vi ™V, 2 V3 ™ V,=2050 +
729 + 1141 + 1431 = 5351 mkc (Figurel 3a me-
pmmM kpuTepiem); ame Vo > Ve > Vg4 = 2
(Figure2 3a nqpyrum KpuTepiem), pu IbOMY Cyma-
pHE 3HAUYEHHS 3aTPUMOK JTopiBHIOE 2 478 + 2 954 =
5432 MKc, MO NEpEeBHINyE ToNepeaHe. IHakmre

KaxyuH, BUKopucTanns musaxy Vo > Ve 2 Vask
ONTUMAIBHOTO HE € JIOIILHUM, OCKIUJIbKU iCHYE
iHmmit wsx Vo > Vi 2 Vo 2 V3 7V,
3 MCHIIMM 3HAYCHHSM CYMapHOi 3aTpPUMKH Ha
MapIIpyTU3aTopax.

Figue

Mepexa MypaLuHHui1 anropuTM

KineKkicTs MapWpyTH32TOpIA: K‘_‘_‘_"im TepaLWt aropHTMY:

KinbicTs Mypax y Konowi:
Eniraix:

Jarpumcn:
P — Saiuaiismc:
TR —

0

Mouameosiii piseHs depomony:
Lswasicrs naposysawa[0, 1]:

BenituiHa BiOKnaneHHA hepomMosy: /

alel2) #lalz/ 8

=Gy

— e

Puc. 5. Bu3HaueHHs 3a MPOrpaMHOI0 MOJIEIUTIO ONTHMAJILHOTO MapIIPYTY 3a PI3HUMH KPUTEPIsIMU
(y pa3i 3MiHM 3HaueHb 3aTPUMOK Ha MapLIPyTH3aTOPax)

Fig. 5. Determining the optimal route according to the program model based on various criteria
(in case of change of delay values on the routers)

Pe3yabTaTn

3a mporpamuoro mozemao «Two-ACO» mpo-
BEJICHI JIOCII/PKEHHS KIJIBKOCTI iTepaliiii, HeoOxia-
HUX JUIs TIONIYKY ONTUMAIBHOTO NUIIXY, 3a mapa-
MeTpaMy anroputMmy. Uwmm Oinblie areHTiB, TUM
MEHIIIa KUTBKICTh iTepariiil uisi 3HaXO/HKEHHS OTI-
TUMaIIBHOTO NUBIXY (pHC. 6), A JOCHiHKyBaHOT
Mepexi JBOX Mypax Ha BEPLIMHY JOCTaTHEO.

VY pasi 30 areHTiB ontuMmanbHE 3HaueHHS (Qe-
POMOHY, SKMH BOHM BIJKJIaJar0Th, OJHM3BKE JI0
oauHwuili (puc. 7).

[IpoBenemMo mOCHIKEHHS KITBKOCTI iTepariiit
3a KoeilieHTOM BHIIApOBYBaHHs (epoMoHy B pasi
30 areHTiB Ta BH3HA4YEHOI KUIBKOCTi (epOMOHY,
BiKJIageHoro Ha pebpax rpada. Yum Buiue #Horo
3HAYeHHs, TUM MEHLIE iTepaliil MOIIyKy OnTHMa-
JBHOTO NUIAXY B KOMIT FOTEpHIH Mepexi 13 15 ma-
pupyTtu3zaropis Ta 17 kananis (puc. 8).

600

500

400

300

KinbKicTs iTepaLiii

200 —

100

LI e s e e B e B B S S ]
1 357 91113151719212325272931333537394143454749

KimbKicTh areHTie

Puc. 6. KimbKicTb iTepalliii MOMIYKY ONTUMAIHHOTO
[UIAXY 32 KUTBKIiCTIO areHTiB

Fig. 6. Number of iterations to find the optimal path by
the number of agents
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Puc. 7. KimbKicTb iTepalliii MoIyKy ONTHMAaIbHOTO
HUIAXY 32 KUTBKICTIO (hepOMOHY

Fig. 7. Number of iterations to find the optimal path by
the number of pheromones

KimeKicTh iTeparmii
w = »

=
2 S =

200 \
100 \

0 0.1 02 03 04 05 06 07 08 09 1.0

KoediLieHT BHTIADOBYBAHHA (epOMOHY

Puc. 8. KimbKicTh iTepalliii MOMIyKY ONTUMAaIHHOTO
HUIAXY 32 KoeQillieHTOM BUIAPOBYBaHHs (DEPOMOHY

Fig. 8. Number of iterations to find for the optimal path
by the pheromone evaporation coefficient

HaykoBa HOBU3HA Ta IPAKTUYHA
3HAYHMICTh

Yci gocmiKeHAs MPOBEIEHO IS TIMOTETHIHOT
KOMIT FOTEpHOI MEPEXi 13 7 MapIIpyTU3aTopaMu Ta
17 kaHanamwu, Mpy BOMY: IOYaTKOBUI piBeHb (e-
POMOHY JOPiBHIOE — 1; KUIBKICTh 3BUUAHHHUX MY-
pax — 7; xinpkicTh emitHui mypax 1. I'pad takoi
Mepexi TNpejcTaBieHuil Ha puc. 9 (3HAYCHHs 3a-
TPUMOK Ha MapIIpyTH3aTOpax MOAAaHO B MKC).

@

Puc. 9. I'pad mepesxi, Ha IKOMY NPOBEJICHO
IOCITIKEHHS

Fig. 9. Graph of the network on which
the study was conducted

PosrissreMo 3anexHiCTh 4acy poOOTH Iporpa-
MHOI MOJIeNi B pa3i 3MiHM TakuhX MapaMeTpiB My-
palMHOrO aldropuTMy: KoedillieHTa BHUIAPOBY-
BaHHsA (puc. 10); KINBKOCTI emTHHUX Mypax
(puc. 12); kimbkocTi 3BHYaiiHuX Mypax (puc. 14);
KUTBKOCTI iTepaniit (puc. 16); BigkmageHHs depo-
MOHY (puc. 18).

8000

7000
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5000

4000

1C poboTr(mc

3000

Y

2000
1000

01 02 03 04 05 06 07 08 09 1.0

KoediujeHT BUNapoByBaHHA

Puc. 10. Yac poboTH mporpamMHoi Mojaei
3a Koe(illieHTOM BUIIAPOBYBaHHS

Fig. 10. Operating time of the software model
by the evaporation coefficient

I3 puc. 10 BugHO, IO JJIsI KOMIT IOTEPHOI Me-
pexi i3 7 MapmpyTU3aTOpPiB JOIIILHO BUKOPHCTO-
ByBaTH KoedilieHT BumapoByBanus Big 0,2 mo 0,7.
BignoBigHuii  CKPMHIIOT MPOrpaMHOI  MoAedni
npencTaBieHui Ha puc. 11.
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Fig. 11. Route according to the software model
in the first study
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KinbKiCTb eAITHMX Mypax

Puc. 12. Yac poboTu mporpamHoi Moesi
3a KUTBKICTIO €JITHUX Mypax

Fig. 12. Operating time of the software model
by the number of elite ants

Puc. 12 ngemonctpye: uum Oisblie €TITHUX MY-
pax y KOJIOHIi, TUM IIBUAIIC HaJXOJUTh ONTHMA-
spHe pinieHHs. OpHak 31 30LIbIIEHHAM KiJIBKOCTI
SJITHUX Mypax 3pocTae HWMOBIPHICTH TOroO, IIO
MporpaMHa MOJIeNb Oyjie 3acTpsraTH Ha JIOKaJIbHO

ONTUMAIBHUX PIIIEHHSX; Y HAIIOMY BHIAIKY JO-
CTaTHHO MaTH NIBOX EJITHHX MypaxX Ha KOJOHIIO.
BianoBigHWI CKPHHIIOT MOJIENTI MPEACTaBICHUMN
Ha puc. 13.
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Puc. 13. Mapmpyt y nporpamHiii Moaeni
B APYTOMY JTOCHIIKCHHI
Fig. 13. Route in the software model
in the second study
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Puc. 14. Yac poboTu mporpamMHoi Mozei
3a KUTBKICTIO 3BHYAHUX Mypax

Fig. 14. Operating time of the software model
by the number of ordinary ants

Ak Oaummo 3 puc. 14, 31 30UIBIICHHAM KiJb-
KOCTi 3BHYAHUX MypaX y KOJIOHiT 3pOCTa€e 4ac BU-
KOHaHHS mporpamHoi moxeni. OmHaK KiTbKOCTI
Mypax, [0 JIOPIBHIOE KIJTbKOCTI MapIIpyTHU3aTOPiB

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2021/242046

© B. M. ITaxomosa, A. O. Onpstauii, 2021

45


http://creativecommons.org/licenses/by/4.0/

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

Hayka Ta nporpec tpancrnopty. BicHuk J{HIIponeTpoBcbKOro
HAL[iOHAJIIBHOTO YHIBEPCHUTETY 3aJIi3HUYHOro Tpancnopty, 2021, Ne 3 (93)

[HOOPMALIMHO-KOMYHIKALIMHI TEXHOJIOI'Ti TA MATEMATUYHE MOJIEJTFOBAHHSI

y KOMIT'FOTepHIH MEpexi, BHCTAa4a€e JJIs 3HaXOJ- I3 puc. 16 BunHO, 110 B pa3i 30UIBIICHHS KiJib-

JKEHHS ONTHMAJIBLHOTO PIilllCHH. KOCTI iTepalliii MypalrnHOTO alTOPUTMY 301IbITY-

€TBCS Yac poOOTH mporpamHoi mozemi. IIpore as

HeBeNMKUX KoMm 'torepHux Mepex 1 000 itepamiit

0 BHCTauae. BiAmoBimHWN CKPUHIIOT IPOTPaMHOL
MOJIEI TIPEACTaBICHUHA Ha puc. 17.

Biamosigauii
CKPHUHIIIOT MPOrpaMHOi MO HpEeACTaBACHHIA Ha
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Ak cBiguuTh puC. 18 Il KOMI' FOTEPHOI Mepe-
X1 13 7 MapuIpyTH3aTOpiB 3HAUEHHS BiAKIAIEHOTO
(hepoMoHy MOXKE HaJexaTH Aiama3ony [5, 8], ame
IOCTaTHBO 3aJaTH HMOro OJNM3BKUM A0 OJMHUII.
BignoBimHWiA  CKPWUHIIIOT TPOTPAMHOI  MOIETi
MIpeACTaBICHHA Ha puC. 19.
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Fig. 19. Route in the software model in the fifth study

BucHoBxku

Jus opranizamii MapmipyT3amii B KOMIT 0-
TEpHUX MEpekax MOYKHa BUKOPHUCTOBYBATH Mypa-
IIMHUH alTOPUTM, JI0 OCHOBHHX IOJO0XEHB SKOTO
HajeXaTh: CTUTMEpXi (stigmergy) Ta ¢epomoH
(pheromone). TloBeninka Mypax MoOXKe MaTH pi3-
HUI MaTeMaTHYHHUHA OIUC, TOMY iCHYIOTh TaKi MO-
nuQiKkalii: MeToJl MypallMHAX CHUCTEM, KWW BH-
KOPHCTOBYE €IIITHY CTPATETiI0; METOA MypaIIuHUX
cHCTeM, 3aCHOBAaHWI Ha PaH)XyBaHHi; METOJl CHC-
TeMH MYpalllMHUX KOJIOHIN; MaKCIMIHHUH METOJ
MYpaIIMHAX CHUCTEM; METOJ MYpAaIIMHUX KOJOHIH

31 crparerier0 koposieBu. s momanbinoi podotu
o0paHO MeTOJ MypallMHUX KOJIOHIM 3 ENITHOIO
cTparerieto, a i foro peanizaiii — moBy Python
i3 MIMPOKHM CHEKTPOM Cy4YacHHX CTaHIAPTHUX
3ac00iB.

1. Jlna BU3HAYCHHS ONTUMAJIBHOTO MapIpyTy
B KOMIT FOTEPHIH Mepexi 3a MypalliHUM alTOpUT-
MOM eNiTHOi cTpaTerii cTBopeHa MoBoio Python
nporpamua mojenb «TWo—ACO»y, BximHi mapame-
TPU SIKOi: KUTBKICTh MapLIpYTH3aTOPIB y MEpEexi;
MaTpHIlsl CyMDKHOCTI Mepexi Ta mapamMeTpu My-
PaIIMHOTO aNTOpUTMY (KUTBKICTH iTeparliii anropu-
TMY; KIJTBKICTh 3BHYAIHHX Ta €NNITHUX Mypax y Ko-
JIOHI1; MOYATKOBUI piBeHb (PEpOMOHY, KOE(IIliEHT
BUIIAPOBYBAaHHA; NapaMeTp Ui PeryJloBaHHsS Be-
JUYAHU BiAKIaeHOTO (DepOMOHY MypaxamH Ha
pebpax rpada Mepexi).

2. 32 CTBOPEHOIO MPOTPAMHOI0  MOJCILTIO
«Two-ACO» nis TIMOTETUYHOI KOMIT IOTEPHOT
Mepexi (i3 7 mapmpyrtuzatopiB Ta 17 kaHauiB)
MPOBEACHO JOCIIKEHHSI Yyacy BH3HA4YEHHS ONTHU-
MaJbHOTO NUIAXY 32 KUTBKICTIO 3BUYAHUX Ta €Ii-
THUX MypaXx, 3HaueHb Koe(ilieHTa BUTAPOBYBAaHHS
Ta BIAKIaAeHOrO (epoMoHy. 3’SCOBaHO, MO J0-
CTaTHO BUKOPUCTOBYBATH KUIBKICTh Mypax, IO
JOPIBHIOE  KUTBKOCTI ~MapHIpyTHU3aTOpiB, MaTh
B KOJIOHIT 2 eNiTHUX Mypax, MpU [[bOMY BHCTayae
1000 irepamiii, xoedilieHTa BUTIAPOBYBAHHS BiJl
0,2 mo 0,7, a 3HaYeHHs BIAKIAZACHOTO (EPOMOHY
MypaxaMmu OJIM3BKOTO J0 OJTUHHIII.

3. BuznaueHo ONTUMAJIbHUN MapIIpyT
y KOMIT IOTEPHI MEepexi 3aTi3HUYHOTO TPAHCIIOP-
Ty (i3 15 mapmpyruzaropiB Ta 17 xaHamiB) Ha oc-
HoBI Mozeni «TWO—ACO» 3 BUKOpPUCTaHHIM JBOX
KOJIOHIH Mypax 3a TAKUMH KPUTEPiSIMU: 3araibHO0
3aTPUMKOI0 Ha MapuipyTu3aTopax (s mneprioi
KOJIOHIT Mypax) Ta KUIBKICTIO XOIIiB, IO CKJajaa-
10Th MapupyT (A7 Ipyroi KoyioHii Mypax). Ycra-
HOBJICHO, 110 AocTaTHbO MaTth 30 areHTiB (ABOX
Mypax Ha BEpIIMHY), 3HAYCHHS (PEPOMOHY, BiJlK-
JaJIEHOTO areHTamu, OJHM3bKe J0 OAMHUIN, TpH
bOMY KoedillieHT BUnlapoByBaHHA ckianae 0,4.
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Software Model for Determining the Optimal Routes in a Computer Network
Based on the Two-Colonial Ant Algorithm

Purpose. At present, the computer networks of the information and telecommunication system (ITS) of railway
transport use the OSPF protocol, which does not allow taking into account several metrics when determining the
optimal route. Therefore, there is a need to study the possibility of organizing routing in computer networks of rail
transport ITS using a two-colonial ant algorithm. Methodology. According to the Two-ACO software model, creat-
ed in the Python language based on the two-colonial ant algorithm, the optimal route in a computer network was de-
termined. Two-ACO model inputs: computer network parameters (network adjacency matrix, number of routers);
parameters of the ant algorithm (number of iterations; number of ants in the colony; number of elite ants; initial
pheromone level; evaporation rate; parameter for adjusting the amount of pheromone deposition). Findings. The
results of the Two-ACO model are presented in the form of graphs depicting the optimal paths: the criterion of the
total delay on the routers (for the first colony of ants) and the number of hops (for the second colony of ants).
Originality. According to the created Two-ACO software model for a computer network of 7 routers and 17 chan-
nels, a study of the time for determining the optimal path in a computer network by the number of ordinary and elite
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ants, evaporation rate and deposited pheromone was conducted. It is determined that it is enough to use the number
of ants equal to the number of routers and have 2 elite ants in the colony, with 1000 iterations, evaporation rate from
0.2 to 0.7, and pheromone deposition by ants close to one. Practical value. Created Two-ACO software model us-
ing two colonies of ants on the following criteria: the total delay on the routers (for the first colony of ants) and the
number of hops that make up the route (for the second colony of ants) allows you to parallel determine the optimal
routes in a computer network of railway transport. It is estimated that for a computer network of 15 routers and
17 channels, it is sufficient to have 30 agents (two ants on top), the value of the pheromone deposited by the agents
is close to one, and the evaporation rate is 0.4.

Keywords: railway transport; computer network; router; delay; two-colonial ant algorithm; pheromone; deposi-
tion; evaporation; search time
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ITapaMeTpu4Ha ONTHMI3alisA CTPIYKOBUX KOHBEEPIB 32 KpUTEPieM
eHeproeeKTUBHOCTI

Mera. V¥ 1iif poO0Ti NOCTaBJIEHO 32 METy OOIPYHTYBaHHS ONTUMAaIbHUX 3HAYCHb MAPaMETPiB CTPIYKOBOTO KOH-
Beepa, 3a SKUX NHUTOMI EHEPrOBUTpaTH Ha TPAaHCIOPTYBaHHS BaHTaXy HaOyBalOTh HANMEHIIOro 3HAYCHHS.
Metoauka. J{ocsrHeHHs 3a3HaueHOI METH 3IIHCHEHO HIISIXOM MiHiMizalil (GyHKIIT MUTOMUX €HEproBHUTpAT, sKa
BiZloOpaXkae BUTpATH €Heprii Ha TPAaHCIIOPTYBaHHS OJMHUYHOTO BAaHTAXXy Ha OJMHUYHY BiJCTaHb. Y XOAi JOCIHi-
JDKEHBb OKPYXKHE 3yCHILIA IPHBOJA BU3HAYCHO 3 BUKOPUCTAHHSAM METOAY 00X0/y 3a KOHTYpoM. IIpH 1IboMy MOTOHHI
HaBaHTa)XCHHS Bill TPAHCIIOPTOBAHOTO BAaHTAXYy, CTPIUKH Ta POJUKOOIOP OYyII0 MpeacTaBieHo K QyHKIIT IHpHHHI
cTpiuky. J{J11 BCTAaHOBJICHHS ONTHMAJIbHUX 3HAYECHb POJYKTHBHOCTI KOHBEEPA Ta MIBUAKOCTI PyXy CTPIUKH IIUPH-
HY CTPIUKH OyJO MOJaHO SK (PYHKIIF0 WX BEJIMYHH 3 YpaXyBaHHIM (i3UKO-MEXaHIYHUX BIACTHBOCTEU TpaHCIIOP-
TOBAHOT'0 BAaHTAXY, 0COOIMBOCTEH KOHCTPYKLII POJMKOONOP Ta KyTa Haxmiy KoHBeepa. Pesyabraru. OTpumaHo
3aJIe)KHOCTI MUTOMHUX €HEPrOBUTPAT Bijl IPOEKTHUX MAapaMeTpiB KOHBEEPA. 1X aHasi3 J03BOJIMB BUABUTH ONTHMAIb-
Hi 3HaYCHHS IUPHHU CTPIYKH, MPOIYKTUBHOCTI KOHBEEPA, LIBUAKOCTI PyXY CTPIUKH, & TAKOXK ONTHMAJIbHE CITIBBIJI-
HOIICHHS JIBOX OCTaHHIX BEJIMYWH JJIsl Pi3HUX BHJIB TPAaHCIIOPTOBAHOI'O BaHTaXy. Big3HaueHo, 110 OTpUMaHi
pe3yJbTaTd MOXHA JOMOBHHUTH IIUISIXOM IPOBEACHHS JI0JJATKOBHX PO3pPaxyHKIB 3a (opMysioro, HaBelEeHOI B Iii
po0oTi. YCTaHOBIIEHO, 1110 ONTUMAaJbHE 3HAUCHHS MIMPUHHM CTPIYKH 3aJISKUTh TUIBKU BiJl KyTa HaXwWily KOHBeEpa
Ta B Koe(illi€HTIB, SKi BU3HAYAIOTh BTPATH €HEPrii, 30kpeMa Koe(illieHTa ONopy pyxy CTPIUKH; MPH [[bOMY BILTUB
03HauYeHOro KoedilieHTa 3pocTae 3i 30UIBLICHHAM KyTa HaxXuiy KoHBeepa. J[o TOro » ONTHMaJbHE 3HAYCHHS
IIMPUHA CTPIYKK HE 3aJCKHUTh BiJ JOBXHHM KOHBEEpa, HOro MPOAYKTUBHOCTI Ta MIBUAKOCTI PyXy CTPidYKH.
HaykoBa HoBH3HA. OTPUMAHO 3aJISKHOCTI MUTOMHX SHEPrOBUTPAT BiJ NMPOCKTHHX IapaMeTpiB CTPIYKOBOrO KOH-
Be€pa, [0 TO3BOJIMIO BCTAHOBUTH ONTHMAIIbHI 3HAYCHHS IIUPHHH CTPIYKH Ta BiJHOLICHHS NPOJYKTHBHOCTI KOHBE-
€pa 1o WBUAKOCTI cTpiukn. [IpakTHyHa 3HAYMMicTh. Pesynpratu miel po60TH MOXKYTh OYTH BHKOPHCTaHI MiJ Yac
NPOEKTYBaHHS CHEProe(eKTHBHUX CTPIYKOBUX KOHBEEPIB, SIKi XapaKTepPH3yHOThCS HAWMEHLIIMMH IMHTOMHMH SHEp-
TOBUTPATAMU Ha TPAHCIIOPTYBaHHS BAaHTaXYy.

Knrouosi cnosa: cTpidkoBUil KOHBEEP; eHEProeeKTHBHICTh; IPOAYKTHBHICTD; IIUPUHA CTPIYKH; ONTHMI3aIlis

Beryn ITBi, Ha Byrjie3barauyBanbHux (hadpukax [1]. To-
My TJIBUIICHHA e(EeKTUBHOCTI TaKWX MaIlWH,
a TakoX e(PEeKTHBHOCTI TPAHCIIOPTHUX TPOIIECIB i3
X BUKOPHCTaHHSM € aKTYaJIbHOIO 331a4ero.
[MuTaHHsM paIiOHANBHOTO TPOEKTYBaHHS Ta
MOJIMNIIEHHS KOHCTPYKLIH CTPIYKOBHX KOHBEEPIB
MPHUCBAYEHO YrMaio podiT. 3o0kpema, y podoTi [8]
PO3MIISIHYTO ONTUMI3AIliI0 MMyCKy Ta pOoOOTH CTpid-
KOBUX KOHBEEPIB y KOHTEKCTi 3a0e3neueHHs palli-
OHAJIBHUX PEKUMIB pOOOTH eneKkTporpuBoaa. lu-
HaMi4Hi IPOIECH, 1[0 BUHUKAIOTh il 4ac eKCILIY-

CTpiukoBi KOHBEEPU € MalIMHAMH Oe3nepeps-
HOI i, OCHOBHHH €JIEMEHT SKUX — MPOTryMOBaHa
BEPTUKAIBHO 3aMKHYTa CTpiyKa, IO OTUHAE KiH-
neBi OapabaHu, OJMH 13 SIKUX, SIK TPaBHIIO, MPH-
BiTHMH, 1HIIUHI — HATSDKHUHA. CTPiYKOBI KOHBEEPH
JIOCUTH NIHPOKO 3aCTOCOBYIOTH Ha IMiANPHEMCTBAX
XIMIYHOI, MeTaiaypriiiHoi, MammHOOY[IBHOI MpO-
MHCIIOBOCTI, Y BUPOOHMLTBI OyaAiBEeJIbHUX MaTepi-
aJIiB, TPAHCIIOPTHOMY Ta NMPOMHUCIOBOMY OyiBHU-
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aTarii KOHBEEPIB, MOCIIPKEHO 1 B 1HIIUX poOoTax
—[4, 5, 7, 12]. Okpemi BUEeHi PO3TIIANAIOTH THTAH-
HS BJOCKOHAJICHHS KOHCTPYKIi CTPIYKOBHX KOH-
BEEPIB Ta PO3IIMPEHHS iX (QYHKIIOHAIBHUX MOX-
JUBOCTEH MIONO TPAHCIOPTYBAaHHS Pi3HUX BaHTa-
xis [3, 11].

OnHuM 13 HampsAMiB MOJIMIICHHS KOHCTPYKIIiH
TPAHCHOPTHHUX 3ac00iB 1 TEXHONOTIH TPaHCIOPTY-
BaHHS € MIBHUINEHHS 1X eHeproedekrusHocTi [13].
Takuif miaxig A03BOJISIE CKOPOTHUTH BUTpPaTH Ha
CKCIUTyaTalllF0 TEeXHIKH, 3MCHIIUTH COOIBapTICThH
TPaHCHOPTYBAaHHS BaHTaxy TOIIO. [IuTaHHs 3Me-
HIIICHHSI €HEPrOCIOKUBAaHHS CTPIYKOBOTO KOHBE-
€pa 3a paXyHOK BHUKOPUCTaHHS OCOOJHMBOTO alro-
PUTMYy PETyJIIOBaHHS IMIBUIKOCTI  PO3TISTHYTO
B po6orti [10].

Merta

VY miif poboTi MOCTaBIEHO 3a METY OOTPYHTY-
BaHHS ONTHUMAIlbHUX 3HA4YeHb MapaMeTpiB CTpid-
KOBOT'O KOHBEEPA, 32 SKUX 3BEJICHI €HEPTrOBUTPATH
Ha TPaHCIOPTYBAaHHS BaHTa)Xy HAOyBarOTh HaiiMe-
HILIOTO 3HAYEHHS.

MeToanka

Sk moKa3HUK eHeproeeKTUBHOCTI CTPIYKOBO-
ro KOHBEEpA Bi3bMEMO IMUTOMI CHEPrOBHTPATH e,
SIKi Bi1oOpakaroTh BUTPATH eHeprii £ Ha TPaHCIIO-
PTYBaHHS BaHTaXXy Macoro M Ha BiJICTaHb S:

e=—. @

Butpatu eHeprii MokxHa BH3HAYHUTH 32 (HOpMY-
JI010:
Fs
E=—, 2)
n

ne F — okpyxHe 3ycwis npruBoja; 1 — KoedimieHt
KOPHUCHOI JIii IpuBO/Ia.

[Micns mipcraBienns (2) B (1) Ta BUKOHAHHA
MaTeMaTHYHHUX EPETBOPEHb OTPHMYEMO:

e=—-. 3

OxpyxHe 3yCWIUIS MPUBOJA KOHBEEpA 3 THYY-
KHM TATOBHM OPTaHOM, B TOMY YHCIi CTPIYKOBOTO,
BHU3HAYAIOTh 13 BUKOPUCTAHHSIM METOy 00XOIy 3a
KOHTYPOM, BIITIOBIJTHO JI0 SIKOT'O

Sia =5 +Wi i, (4)

ne Si, Si+1 — HATATH CTPIYKU B TOYKAX I Ta i+1 Tsro-
BOro KoHTypYy; Wii+1 — omip pyxy CTpiuku Ha Aifs-
HIII KOHTYPY MK TOYKaMmu i Ta i+1.

[Nopanpmn po3paxyHku OyneMO IPOBOAUTH IS
KOHBEEPIB 31 CXeMOI0, HaBeeHOO Ha puc. 1.

Puc. 1. Cxema xonBeepa:
1 — HaTshxHUH GapabaH; 2 — cTpivKa;
3 — TpaHCTIOPTOBAHHI BaHTAX;
4 — ponmkoomnopu; 5 — mpuBiaHUI OGapaban

Fig. 1. Conveyor scheme:
1 —tension drum; 2 — belt;
3 — transported cargo;
4 —roller supports; 5 — drive drum

BigmosimHo 10 mMO3HAYeHb, HABEAEHUX Ha
puc. 1, okpy»KHe 3yCHIUISA IPUBOAA HAOYE BHIJIS-

ay:
F=S,-S, (5)

ne Si, S4 — HATATH CTPIYKM B TOYKAX ii 30iraHHs
3 puBigHOTO OapabaHa Ta HabiraHHs Ha GapabaH.

BukopucToByroun MeToq 00X01y 3a KOHTYPOM,
BU3HAUYMMO HATSATH CTPIYKM B TOoukax 2—4, BUpa-
XKarouu X uepe3 HaTAT Sy

S, =5 +Wy; (6)
83 = kSz = k(Sl +W12) : (7)
Sy =S5+ Wy, =K (S, +Wy, )+ W, . (8)

VY dopmynax (6) — (8) mpuiiHATO Taki mo3Ha-
YyeHHsl: Sy, Sz — HATATU CTPIYKM B TOukax 2 i 3
BignoBigHo; Wiz, Was — omopu pyxy cTpiuku Ha
JUISHKAaX MK Toukamu 1, 2 i 3, 4 BigmosigHo; K —
KOe(illieHT, [0 BpaxoBye 30iJbIICHHA HATATY
CTPIUKHM ITiJ] 4ac OTMHAHHS HEI0 HATsSHKHOTO Oapa-
0ana (k = 1,05 3a kyra orunanus a = 180°).

MoxIuBICTh peartizamii TSIrd CTPiYKOBOIO KOH-
Beepa 3a0e3evyeThesl B pasi JOTpUMaHHS YMOBH
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S, < S, exp(fa), €)]

ne f — xkoedirieHT 3UeruIeH s CTPIYKH 3 IPUBIIHUM
0apabaHOM; 0. — KyT OTMHAHHS CTPIYKOK IPHBIiI-
HOro Oapabana.

I3 moemnanus BupasiB (8) i (9) BurumBae, 10
B pa3i JOTpUMaHHS TPaHUYHOTO CTaHy YMOBH (9)
HATSAT CTPIYKH B TOUIlI | MOXKHA BU3HAYUTH 3 TAKO-
T'O PIBHSIHHS:

S, exp( fa) =kS; + kW, +W,,.

ITicnst BUKOHAHHS MaTEMAaTHYHHX NEPETBOPCHb
Ma€EMoO.

3 kW, +W,,

~exp(fa)—k (10)

1

Toni HATST CTPiYKYK B TOUII 4 CTAHOBUTHME:!

_ exp(fo) (KW,

= exp( fo) — K o +Wy,) . (11)

4

[incrasmsroun (10) Ta (11) y (5), micns Buko-
HaHHS MAaTEMATUYHUX TEPETBOPEHb OTPHUMYEMO
BHpa3 I BU3HAYEHHSA OKPYKHOIO 3yCUJUIA IpH-
BOJIa KOHBEEpa:

F exp( fa)—1

~exp(fa)—k (12)

(KW, +Ws,) .

BennunHan OmnopiB pyxy CTpiUuKd BH3HAYAEMO
TaK:

Wy, =gpL(Wcosp —sinf) +q Lw cosf; (13)
W,, = (g +0p)L(W cosP +sinB) +q,Lw cosf. (14)

VY mux ¢opmynax ( — NOrOHHE HaBaHTAXKEHHS

Ha CTPIUKy BiJI BarW TPaHCIOPTOBAHOTO BAHTAXKY;
: . ' "

Qo — IOTOHHA Bara CTPiuKy; (,Q; — NOTOHHE Ha-

BaHTa)XXCHHS BiJ Baru posmkoonop (pobodoi Ta
X0JIOCTOI BITOK CTpiYKH BiAmoBigHo); L, B — moB-
KUHA Ta KyT HaXWIy KoHBeepa (auB. puc. 1); W' —
3BelIeHUH Koe(DilieHT OMopy PyXy CTPIUKH.
[oennyroun Bupasu (12) — (14), orpumyemo:
F_ exp(fa)—1

exp(fa) K [ka,L(W'cosp —sinP) +

+kg,Lw' cosB + (g + g, )L(W cosB +sinf) +
+g,Lw'cosf . (15)

[Micna mincraBnenns (15) y (3) Ta BUKOHaHHS
MaTeMaTHYHHUX IEPETBOPEHb OTPHMYEMO:

— m
e:l% 1+%+_p

W' cosp +
n exp( fa) —k m m

+(1+%jsins+ k%(w'cosB—sinB)} . (16)
m m

TaxkuM YMHOM, OTPUMAHO 3aJICKHICTh TUTOMHUX
€HEeproBUTpAT BiJl MapaMeTpiB KOHBeEpa, y AKii
NPUAHATO Taki mo3HavyeHHs: m=qgL/g - maca

TPAHCIOPTOBAHOTO BaHTaXy; M, =(,L/g — Maca

CTpIYKA Ha OJHOMY HampsMKy pyxy (0e3 ypaxy-
BaHHS YaCTHHH CTPIiUKH, IO 3HAXOAWUTHCS Ha Oa-

pabanax); m, = (ql') +kay ) L/g - y3arambpHeHa

Maca POJIMKOOTIOp Ha 000X HANpsIMKax pyxy CTpi-
YKH.

VYpaxoByroun Te, 1110 KOHBEEP € OIIbII eHepro-
e(eKTUBHUM y Da3i, KOIM MATOMI €HEeprOBUTPATH
MiHIMaJlbHi, Bii3HauaeMo (pakTopH BIUIMBY Ta Ha-
MOPSMKH 1X 3MIHH (32 1HIIMX HE3MIHHUX YMOB) JIJIsI
i ABHUIICHHS eHeProe()eKTUBHOCTI KOHBEEPA:

— Maca TPaHCIOPTOBAaHOTO BaHTaXy — MO 30i-
JIBIICHHS;

— Maca CTPiYKH — JIO 3MCHIIICHHS;

— MacH POIHMKOOTIOP — 10 3MEHIIICHHS;

— xoeillieHTH BTpaTH eHeprii pi3HOro pomy
(M, k, W") — 1o 3meHIIIeHHS;

— KyT HaxwiIy KOHBeEpa — BIUIUB HEOIHO3HAY-
HUH.

[IpoBeneHi aBTOPOM JIOCII/DKEHHS IOKa3aliy,
110 BIUIMB Koe(illieHTa 3YCIUICHHS CTPIYKU 3 0a-
pabanowm (f) Ta kyra ormHaHHs GapabaHa CTPIYKOO
(o) Ha TIMTOMI €HEPTOBUTPATH € ayske Mamum. Cirix
TaKOXX BIJI3HAYUTH, 1O ITUTOMI CHEPrOBUTPATH HE
3ajIeXaTh Bijl JOBKUHH KoHBeepa (L).

binbm rmmbokuit anami3 Bupasy (16) Bumarae
BCTaHOBIICHHS 3aJIE)KHOCTEH Mac CTPIYKH Ta POJIHU-
KOOIIOp Bifl IIMPHUHU CTPiuKW. BuBUeHHS JiTepaTy-
pu [2, 6] moKa3a0 HASBHICTH MPSIMHUX 3aJIEKHOC-
teii (,(B) ta q,(B), ne B — mmpuna crpiyuku.

A B pobori [9] ykasaHo, 110 HaBaHTa)KEHHS Bij
POJIMKOOIIOP TAKOXK 3aJIe)KaTh BiJl HACHITHOT IijIb-
HOCTi TPaHCIIOPTOBAHOTO BaHTaXxy. B ycix Buman-
Kax Il 3aJeKHOCTI MOAaHO y BHUIUIAAI TaOynboBa-
HUX QYHKIIIH, SKi CIiJ| alpOKCUMYBATH JJISI CIIPO-
LICHHS! NOJaNbIIoro aHamizy. JlocmipkeHHs moka-
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"

3anm, mwo sanexnocti ¢ (B) Ta ¢7(B) mocrarnbo

TOYHO MOKHA OIKCATH MOJIHOMAaMH TPETHOTO
crymnens (puc. 2) B Takiit Gopmi:

g, (B) =471B° —1039B* +921B -159; (17)
qy(B) =205B° ~500B% +491B-111. (18)

3a ummu Qpopmynamu Benmuuem  d,(B) Ta
d,(B) orpumyemo B HproTOHAX, AiNEHUX HA METP,

y pasi, KONM IIUPUHY CTPIYKH B MiACTaBIEHO B
MeTpax.

1000
800 qé(B)
600
q(B)
400 '
200 . -
- B. M

04 06 08 1 12 1.4 1.6 1.8 2

Puc. 2. Anpoxcumariisi TabyIpOBaHUX 3AJICKHOCTEH

g, (B) ma q;(B)

Fig. 2. Approximation of tabulated dependencies
g, (B) and q;(B)

3anexHiCTh MOTOHHOI Baru CTPIYKH Bif 1 1Iu-
pUHM MOXXHA BCTAaHOBUTH aHATITUYHO 3 TaKOTO
BUpa3sy:

0o (B)=gy.B(nd+h +h,),

A€ Y, — y3arajlbHeHa IIUIbHICTb CTPIYKHU; N — KiJlb-
KICTh TPOKJIAQJOK CTPIUKH; & — TOBIIWHA OJHIET
npoknaaku; hy, h, — ToBmmMHA poboYoi Ta X010BOT
0OKJIQOK BIAITOBIIHO.

3a pekoMeHpamnisMu [6] monepeaHbo Oepemo:
v, =1100kr/M% n=4; 8=12mm; h =4wmm;
h, =2wmM. Toxi micist migCcTaBIEHHS YUCEN OTPH-
MY€EMO:

q,(B) =117 B.. (19)

11106 orpumaru 3anexHicts ((B), BuKoprcTaemMo
bopMmyity T BU3HAYEHHS UPUHA CTPiukH [2]:

B=11

+0,05 |, (20)

k.Cyv

ne I1 — npoxyKTUBHICTh KOHBeepa; K, — koedirri-
€HT, SIKHH BPaxOBY€ 3CHUIMAHHS TPAHCIOPTOBAHOTO
BaHTaXYy IiJl Yyac pyxy CTPiuKW Ha migiom (koedi-
mieHT Haxwmny); C — KoedilieHT TPOAYKTUBHOCTI,
SIKMH 3aJIeXKHUTh Bil GOPMH POIIMKOOTOP Ta (Pi3HKO-
MEXaHIYHUX BJIACTHBOCTEH TPaHCIOPTOBAHOTO
BaHTAXY;

Y — HACWTIHA IIIJBHICTH TPAHCIIOPTOBAHOTO BaHTa-
Ky; V — IIBUAKICTD PYXY CTPIUKH.

VY dopmyny (20) npoayktusHicTs [1 ciifg mijc-
TaBJIATH B TOHHAX 3a TOAMHY, HACUIIHY IIiIBbHICTD
Y — Y TOHax, JOiIEHUX Ha KyOi4HWI MeTp, MIBHUI-
KIiCTh V — y MeTpax 3a CeKyHy; KoedirieHtu Ky, Ta
C He MaroTh ABHOTO (Hi3MIHOTO 3MICTy, X BU3HA-
YaTh EMITPUYHO Ta BBAXKAIOTh OE3pO3MipHUMHU
ennunHamu (0epyTh 3a TaOIUIAMHK). Y TakoMy
pasi pesynbsTat 3a hopmyinoro (20) — mupuHy CTpi-
YKH — OTPUMAEMO B METPaX.

VYpaxoByroun Te, 1O I CTPIYKOBOTO KOHBE-
epa mpoayktuBHicth [1=3,6 gv/ g, i3 Bupasy
(20) orpumyemo:

q(B) ="'*3C—g9(0,913—o,05)2.

(21)

Anpokcumariist Tabys1b0BaHo1 3a5exHOCTI Kq(B)
[2] mo3Bonmuiia BCTAaHOBWTH, IO B iHTEpBali 3Ha-
4eHb 3 Big Hyms 10 30 rpamyciB

k,(B)=-9,4cos’B+21,4cosp—11.

Koedimienr C 3MIHIOETBCS B JOBOJI IIUPOKHX
mekax (C'=100...710 [2]), ognak y poboTi [9] Ha-
BEJICHO OKpEeMi 3HAYEeHHS JUIS PI3HUX TPAaHCIOPTO-
BaHUX BAaHTaXIiB; HUMH i OyJIeMO KOPHCTYBaTHUCS.

[Mincrasnsroun 3anexuocti (17) — (19), (21)
y Bupa3s (16) 3 ypaxyBaHHSIM MOSICHEHb JI0 HBOTO,
OTPUMYEMO 3aJIEXKHICTh MUTOMUX EHEPrOBUTPAT
BiJI IMPHHU CTPIYKH Ta iHIIAX TTapaMeTpiB KOHBe-
€pa. AHaJIITUYHUHN 3aIUC Ii€i 3aJeKHOCTI B JaHIH
poOOTi He HaBEeJEHO Yepe3 HOro 3HauHy TpoMi3a-
kicte. IIpencraBumo 3anexHicTs e(B) B rpadiuHo-
MY BUTJISIIL.

OnrtuManeHe 3HAYEHHS IUPUHU CTPIUKU Bopt,
BU3HAYAEMO [UIIXOM  PO3B’SI3aHHS  PIBHSHHSA
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de(B)/dB = 0. Ockinbku npencraBieHHs (QyHKIIT
e(B) B aHANITAYHOMY BHIJISAI € YCKJIaJHEHUM
gepe3 11 TPOMI3AKICTh, YyKa3aHe pIBHAHHSA
PO3B’S3yEMO 3a JOMOMOTOI0 YHCEILHUX METOJIB,
peamizoBanux y QyHkuii root cucremu MathCAD.
JI71st BCTAaHOBIICHHS 3aJISKHOCTI IMTOMHX €Hep-
TOBUTpAT BiJl MPOAYKTHBHOCTI KOHBEEpPA Ta LIBHI-
KOCTi pyXy CTpiukH CKopHcTaemocs Bupazom (20),
BUKOHYIOUM HEOOXiZHI 3aMiHH B 3aJI€KHOCTSIX
(17) — (19), (21). Li 3anexHOCTI Ticass BHECEHHS
3MiH BKa3yBaTH HE OyneMo uepe3 iX rpOMi3IKiCTh.

Pe3yabTaru

3a matepianamu podotu [9] BU3HAUMMO A00Y-
Tok Cy s IeSKUX MaTepialliB:

— micok — Cy=470-1,45~680;
1pyaT — Cy=470-1,6 = 750 ;
rpasiii — Cy=470-1,8 =845
mebinb — Cy=550-1,6 =880.

YpaxoByrouH IIi 3HAYEHHS, TOOYTyEMO 3aJIEK-
HICTb e(B) U151 pi3HUX TPAHCIIOPTOBAHUX BAHTAXIB

(puc. 3).

e. JLK/Kr- M

1 2 3
Puc. 3. 3amexHICTh MUTOMUX SHEPTOBUTPAT
BiJl ITUPUHU CTPIYKH IS PI3HUX BUJIIB
TPaHCIIOPTOBAHOT'O BAHTAXKY

Fig. 3. Dependence of specific energy consumption on
the belt width for different types of transported cargo

Sk Gaunmo, ynkiis e(B) Mae Ba eKCTpeMy-
MH, OT)KE, ICHY€ ONTHMajbHE 3HAYCHHS MIUPUHU
CTpiuKU Bgpt, 32 SIKOTO MUTOMI €HEPTrOBUTPATH Ha-
OyBalOTh MiHIMAJIBHOTO 3HaueHHS. TakoXX MOXKHA
CTBEP/UKYBATH, 110 BUKOPUCTAHHS CTPIUKU IITUPH-
HOIO, sIKa BiJITIOBIZIa€ TEPIIOMY EKCTpEeMyMy Iliel
¢yHkuii, € HeOaKaHUM, TOMY IO 3a TaKUX YMOB
[IATOMI €HEPrOBUTPATH € HANOIIBIINMHU.

I3 puc. 3 BuaHO, 110 XapakTep 3anekHocTi e(B)
IUTSL PI3HUX MaTepialliB € HE3MIHHHUM, IO TOTO K IS
(yHKIIiS HaOyBae eKCTpeMallbHUX 3HAYeHb 3a Ol
HUX 1 THX caMHUX 3Ha4YeHb aprymenta. OTxe, OI-
THMaJIbHE 3HAUCHHS IIHUPHHU CTPIYKH HE 3aJICKUTD
BiZl BHIYy TPaHCIIOPTOBAHOTO BAaHTaXy, TaK CaMO
i Big ¢opmu ponukoonop. HocmimkeHHs moKa3a-
JU: ONTHMalbHE 3HAYCHHS HIMPHHU CTPIiUKH, 3a
SIKOTO TIUTOMI CHEPrOBUTPATH € MIHIMAJIBLHUMH,
3aJIeKUTh TUIBKK BiJ KyTa Haxuiny KoHseepa (Oi-
JIBILIOI0 MipOI0) Ta BiJ KOe(illi€HTIB, SKi BU3HAYa-
I0Th BTPaTH €HEeprii, 30kpemMa KoedilieHTa Omopy
pyxy ctpiuku (puc. 4). IIpu oMy BIUTHB Koedirri-
€HTA OIIOPY PYXY CTPIUKH 3pOCTAE 31 301IbIICHHIM
KyTa Haxwiy KoHBeepa. BimzHauaemo, 1mo Bopt He
3aJIe)KUTh BiJl TOBXHHU KOHBEEpA, HOTO TPOAYK-
TUBHOCTI Ta MIBUJKOCTI PyXy CTPIUKH.

o T T =

1 1
0 10 20

—
(S
w

B.tpan. 30

Puc. 4. 3anexxHICTh ONITUMATBHOI IIAPHHN CTPIUKH
BiJI KyTa HaXMIy KOHBEEpA 3a PI3HUX 3HAYCHb
Koe]iIieHTa OTOpy pyXy CTPIUKH

Fig. 4. Dependence of the optimal belt width on the belt
angle at different values of the belt resistance coefficient

@ynkuio e(/7) mogano B rpagiyHOMY BHIJISI
Ha puc. 5. Sk 6aunmo, 151 PyHKIS Mae JBa €KCT-
pEMyMH: HEpIIUi BiIIOBIIa€ MAKCUMAIBHUM IH-
TOMHM €HEPrOBUTpaTaM, APYTUil — MiHIMAJTBLHHUM.
OTxe, iCHY€ MIEBHE ONTUMAalbHE 3HAYCHHS MPOJY-
KTHBHOCTI [lopt, 32 SIKOTO KOHBEEP € HAHOIIIBIN eHe-
proedexkTuBHUM (TIMTOMI EHEPrOBUTpPATH Hali-
MeHIi). Take 3HAUEHHS 3aJICKUTh BiJl MIBUIAKOCTI
PYXY CTPIUKH, IO TOTO 3K LS 3aJEKHICTh € JiHIl-
HOIO TPSMOIIPONOPLUIHHOI0, L0 TaKOX IMiATBEp-
JUKyeThes Bupasom I[1=3,6 gv/ g.

I3 Bupasy (20) BunuBae, 1o

£=11/v=Fk,Cy(0,91B-0,05)".  (22)
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BanexHicT (&) i pi3HUX BHUJIB TPAHCIIOP-
TOBaHOT'O BaHTaXy TOAAHO Ha puC. 6.

Sk Gaummo, ¢yHKuis e(§) Mae nBa eKCTpeMy-
MH, TaK caMo siK 1 ¢pyHkis e(B), ane i apryMeHTH,
IO BIANOBIAAIOTH EKCTPEMAIbHUM 3HAYCHHSM,
PIZHATBCS TSI KOKHOTO 3 BHAIB TPAHCTIOPTOBAHO-
rO BaHTaXy, IO MiATBEPKYETHCS U 3aJICKHICTIO
(22).

TakuM YHHOM, MOXOJMMO BHUCHOBKY, IO TiJ
Yyac MPOBEACHHS ONTUMI3allii CTPIYKOBOTO KOHBE-
€pa JOUITBHOTO TOBOPUTH HE MPO ONTHMAIIbHY
MPOAYKTUBHICTD ([lopt) Ta ONITUMANIBHY IMIBUIKICTH
pyxy cTpiuku (Vopt), @ IPO iX ONTUMAIbHE CHIBBij-
HotteHHsT Eopt = Iop/Vopt. 3HAYCHHS TAKOTO CITiB-
BIIHOWIEHHS JUIS PI3HUX MaTepialaiB TMOJaHO
B Tabm. 1.

Bimomocri, HaBemeni B Tabm. 1, orpumano
3 BUKOPUCTAHHSIM YCEpEIHEHHMX 3Ha4ueHb (Hi3HKO-
MeXaHIYHUX BJIACTHBOCTEH TPaHCIIOPTOBaHUX BaH-
TaxiB. 3a HEOOXIAHOCTI BEIMYUHU Eppt VTSI 1HIIHX
BaHTaXiB a00 3a IHIIMX yMOB TPaHCHOPTYBaHHS
(KOHCTPYKIIiST POJIMKOOTIOP, KYyT HaXMITy KOHBEEPA)
MOJKHa BHU3HA4MTH 3a (opmyioro (22), miacTaBisi-
104 B Hel ONTHMaNbHE 3HAYEHHs IUPUHU CTPid-
ku. [Ipu npomy ciig mam’arath, mo Bope 3amexuTh
BiJl KyTa HaXWJIy KOHBEEpa Ta KoedillieHTa omopy
pyXy CTpiuku (auB. puc. 4).
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Puc. 5. 3anexHiCTh MHTOMUX €HEPTOBUTPAT BiJl
MIPOAYKTUBHOCTI KOHBEEPA 32 Pi3HUX 3HAUYEHBb
MIBUIKOCTI PyXy CTPIdKH

Fig. 5. Dependence of specific energy consumption
on the conveyor productivity at different values
of the belt speed
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Puc. 6. 3anexHicTh MUTOMUX EHEPTOBUTPAT BiX
CHIBBIIHOIICHHS MPOAYKTUBHOCTI Ta IIBUAKOCTI PyXy

CTPIYKH JUIA PI3HUX BHJIB TPAHCIIOPTOBAHOTO BaHTaXy

Fig. 6. Dependence of specific energy consumption
on the productivity ratio of and the belt speed
for different types of transported cargo

Tabmums 1

OnruManbHi cniBBigHomenns Eopt, (1/107)-(M/) 2,
JUJIS1 Pi3HUX BUAIB TPAHCHOPTOBAHOI0 BAHTAXKY

Table 1

Optimal ratios &opt, (t/h)-(m/s)?, for different types of
transported cargo

TpaHCHOpTOBAHMIT BAHTAK Eopt
ITicox 770

[pyHT 850

I'pasii 958
[le0inn 998

IMpumiTKa: KyT HaxuITy KOHBeepa — 22°

HaykoBa HOBU3HA Ta NPaKTHYHA
3HAYUMICTh

VY po0oTi OTPUMAaHO 3aJIeKHOCTI TTHTOMUX €HEp-
TOBUTPAT BiJl TIPOEKTHUX TapPaMETPIB CTPIYKOBOTO
KOHBEEPA, L0 JA03BOJIMIO BCTAHOBUTH ONTHMAJIBHI
3HAUEHHS IIMPHHU CTPIYKH Ta BiJHOLIEHHS MPOIY-
KTUBHOCTI KOHBEEpa M0 IIBHIKOCTI CTPIYKH JIS
PI3HMX BHUIIIB TPaHCIIOPTOBAHOTO BaHTaxy. Pe3yib-
Tath poOOTH MOXYTb OyTH BHUKOPHCTaHI IiJ 4ac
MPOEKTYBaHHSI ~ CHEProeEeKTUBHUX  CTPIYKOBHX
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KOHBEEPIB, SIKI XapaKTepH3YIOThCS HaWMEHIINMHU
MUTOMUMH €HEPrOBUTPATaMU Ha TPAHCIIOPTYBAHHS
BaHTaXYy.

BucHoBxku

AHaui3 HaBeIeHUX Pe3yiIbTaTiB JO3BOJISE TIATH
TaKUX BUCHOBKIB!

— ONTHMAaJIbHE 3HAYCHHS IIUPUHH CTPIUKH, 32
SIKOTO THATOMI CHEPrOBHTPATH € MiHIMAJILHUMH,
3aJIe)KUTh TUTBKH Bl KyTa Haxwiy KoHBeepa (Oi-
JBILIOI0 MipOI0) Ta BiJ KOe(illi€HTiB, AKi BU3HAYA-
I0Th BTPATH €HEPrii, 30kpemMa koedillieHTa Oomopy
PyXy CTpIUKH; TpWU [HOMY BIUIUB KoedilieHTa
OTIOPY PYXY CTPIUKH 3pOCTaE 3i 30UTBIICHHSM KyTa
HaXUITy KOHBEEPA,

— ONTHMaJIbHE 3HAYCHHS HIMPUHU CTPIYKH HE
3aJIe)KNUTh BiJl TOBXHHU KOHBEEpa, HOTO MPOAYK-
THUBHOCTI Ta MIBUJKOCTI PyXy CTPIUKH;

— i 9ac TMPOBEACHHS ONTUMI3allii CTPIYKOBO-
ro KOHBE€Epa IOUIIBHOTO TOBOPUTH HE PO HOTO
ONTHMANbHYy MPOIYKTHBHICTH Ta ONTHMAIBHY
LIBUJIKICTh PyXY CTPIYKH, a PO ONTUMAaJIbHE CITiB-
BiJHOIICHHS IIMX BEJWYMH; 30KpeMa, yCTaHOBIIE-
HO, 10 ONTHMAaJbHE CIiBBIIHOLICHHS HPOIYKTUB-
HOCTi KOHBEEpa Ta MIBUAKOCTI PyXy CTPIUKU i
Yac  TpPaHCIOPTYBaHHA  TICKYy  CTaHOBHUTH
770 (t/rom)-(m/c)? 3a kyTa Haxuiy KoHBeepa 22°;
3a THX CAMUX YMOB TaKe CHiBBiJHOLICHHS AJISI IPY-

ary — 850 (t/rom)-(M/c)?, nmms  rpaBio  —
958 (1/rom)-(m/c)?, ISt 1e6eHro -
998 (1/rom)-(m/c)™.
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Parametric Optimization of Belt Conveyors by Energy Efficiency Criterion

Purpose. The purpose of this work is to substantiate the optimal values of the belt conveyor parameters, at
which the specific energy consumption for the cargo transportation takes on the lowest value. Methodology. The
substantiation of the optimal values of the belt conveyor parameters was carried out by minimizing the function of
specific energy consumption, which represents the energy consumption for the transportation of a cargo weighing
1 kg at a distance of 1 m. In the course of research, the drive force was determined using the contour bypass method.
In this case, the specific loads from the transported cargo, belt and roller supports were presented as functions of the
belt width. To establish the optimal values of the conveyor productivity and belt speed, the belt width was presented
as a function of these values, taking into account the physical and mechanical properties of the transported cargo, the
design features of the roller supports and the belt angle. Findings. | obtained the dependences of specific energy
consumption on the design parameters of the conveyor. Their analysis made it possible to identify the optimal values
of the belt width, conveyor productivity, belt speed, and the optimal ratio of the last two values for different types of
transported cargo. It is noted that the results obtained can be supplemented by carrying out calculations according to
the formula given in this work. It has been established that the optimal value of the belt width depends only on the
belt angle and on the coefficients that determine the energy losses, in particular the movement resistance coefficient
of the belt; the influence of the specified coefficient increases with an increase in the belt angle. In addition,
the optimal value of the belt width does not depend on the conveyor length, its productivity and belt speed.
Originality. The dependences of the specific energy consumption on the design parameters of the belt conveyor
were obtained, which made it possible to establish the optimal values of the belt width and the ratio of the conveyor
productivity to the belt speed. Practical value. The results of this work can be used in the design of energy-efficient
belt conveyors, which are characterized by the lowest specific energy consumption for cargo transportation.

Keywords: belt conveyor; energy efficiency; productivity; belt width; optimization
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PYXOMMH CKJAJ I TAT A NOI3IB
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JocizKeHHS JUHAMIYHOI HABAHTAKEHOCTI HeCy40i KOHCTPYKIIII MiBBaroHa
3 NPYKHO-B’A3KMM HANIOBHIOBa4YeM y XpeOToBiil 0auui

Mera. Y po6oTi nepenbadeHo JOCTIIUTH THHAMIYHY HaBaHTa)KEHICTh HECYY0i KOHCTPYKIIi MiBBaroHa 3 mpyx-
HO-B’I3KMM HAIOBHIOBa4YeM y XpeOTOBIM Oaimi IUIIXOM MaTeMaTHYHOTO MOJENOBaHHA. Meroamka. 3xilicHeHO
MaTeMAaTHUYHE MOJCIIOBAHHS TUHAMIYHOI HABAHTA)XKEHOCTI HECY4oi KOHCTPYKIlT MTiBBAaroHa i3 3aMKHEHOIO XpeOTo-
BOIO 0aJKOI0, 3aIIOBHEHOIO HAIIOBHIOBAUEM i3 MPYKHO-B’SI3KUMH BIACTHUBOCTSAMH. J[0 yBaru B3sTO BHUIAIOK HalOi-
JBIIOTO HaBaHTa)KEHHsI HECYuoi KOHCTPYKIIi IiBBaroHa B eKCILTyaTallii — MaHeBpOBE CIIBYJIApsIHHS 3 ypaxXyBaHHIM
nii Ha 3a/iHIHM yrop aBTO34eny HaBaHTaxeHHs y 3,5 MH. /lns Bu3HaueHHs JUHAMIYHOT HABaHTa)KEHOCTI MiBBaroHa
BUKOPHCTaHO MaTeMaTUuHy Mojenb, chopmoBany npod. I'. I. boromazoM. ¥ pamkax 1pOro IOCHIIPKEHHS MOJEINb
JIOOTIPAIbOBAHO HIJISIXOM aaanTaiii ii JO BU3HAUeHHs IUHAMIYHOI HABAaHTa)KEHOCTI MiBBaroHa. Y Hiil BpaxoBaHO
CHJIH TEPTS, SIKi BHHUKAIOTh MK I’ ITHUKAMH Ky30Ba Ta ITiAI ITHUKAMH Bi3KiB, @ TAKOXX BIIACTHBOCTI €HEPTrOMOTIIH-
HaJIEHOTO Matepiany. Po3B’s130k MaTeMaTHYHOI MOZETi 3MiHCHEHO B porpaMHoMy komrutekci MathCad. [pn mpo-
My audepeHIianbHi piBHIHHS PyXy 3BEJeHO 10 HOopMalbHOI popmu Ko, a moTiM iHTErpoBaHO 3a MeToIoM PyH-
re—Kyrra. [TouaTKkoBi nepeMilieHHs! Ta MBUAKOCTI BPaXOBaHO PIBHUMHU Hymo. Po3paxyHOK 31ificHEHO Ha NpHKIIai
yHiBepcapHOTO miBBaroHa Moxenm 12—757 BupoOrunTBa [TAT «KprokiBchkuil BaroHOOymiBHHN 3aBom» (M. Kpe-
MeH4YyK) Ha TunoBux Bizkax 18—100. Pesyabrarn. OTprMaHO NPUCKOPEHHS SIK CKJIAJO0Bi AWHAMIYHOTO HAaBaHTa-
JKCHHS, sIK1 JIFOTh HA MiBBArOH i3 3aMKHEHOI0 KOHCTPYKIIIEH0 XpeOTOBOT Oasky, 3aTOBHEHOT HAMIOBHIOBAYEM i3 Mpy-
YKHO-B’SI3KUMHU BJIACTUBOCTSMHU. BCTaHOBIIEHO, 110 3a KOPCTKOCTI Marepiaiy, sSIKUM 3alloBHEHa XxpeOToBa Oasika,
82 kH/m, a Takox koediuieHTa B’s13koro ornopy 120 kH-c/M MakcuManbHi IPUCKOPEHHS HECY40T KOHCTPYKIIiT MiBBa-
rosa cknazanTs 6nussko 37 m/c? (0,37 g). HaykoBa HOBH3HA. 3alIpONOHOBAHO MAaTEMATUYHY MOJENb JUIS BU3HA-
YCHHS IWHAMIYHOI HABAHTA)KEHOCTI MiBBArOHA 13 3aMKHEHOI KOHCTPYKIIIEI0 XpeOTOBOI OaJIKH, 3alI0OBHEHOT HAIOB-
HIOBAa4YeM i3 MPYKHO-B’SI3KUMH BJIACTUBOCTAMH. MoseNb 103BOJIAE OTPUMATH IPUCKOPEHHS SIK CKJIAJO0BI JUHAMIY-
HOTO HaBaHTAXEHHs, AKi JII0Th Ha Hecydy KOHCTPYKIIIO IBBAaroHa, 3 ypaxyBaHHIM 3aXOiB IOAO BIJOCKOHAJICHHS
3a MaHEeBpOBOro cmiBynapsHHsA. IIpakTHyHa 3Ha4YMMicTh. Pe3ynbraTw mpoBeAEHHX JOCIHIIKEHb CHPUATHMYTh
3MEHIIECHHIO MOMIKO/KEeHb HECYUNX KOHCTPYKIIH MiBBaroHiB B eKCIUTyarallii, CKOpDOUSHHIO BUTPAT Ha iX yTpUMaH-
Hsl, CTBOPEHHIO HaIlpalfoBaHb II0/10 MPOEKTYBaHHS IHHOBAiIHHUX KOHCTPYKII pyXOMOTo CKIIaay, a TaKoX HiJBH-
IICHHIO €)eKTHBHOCTI HOT'O SKCILTyaTallii.

Kniouosi cnosa. miBBaroH,; Hecyda KOHCTPYKIIisi; XpeOToBa Oaika; JUHAMIYHAa HABaHTAXXEHICTb; MAHEBPOBE
CHiByJapsSHHS
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PYXOMMI1 CKJIAJL I TATA TTOI3/11B

Beryn

B yMoBax cyyacHOro po3BUTKY TPaHCIOPTHOI
rajnysi yTpUMaHHS JiAePCbKHX TO3UI BHMAarae
BiJI 3aJTI3HUII BBEJICHHS B €KCILTyaTaIllF0 PyXOMOTO
CKIIaay HOBOTO MOKomiHHA. Ha crazii KoHCTpyIO-
BaHHsI TAKOTO PYXOMOTO CKJaly Ba)KJIMBHM € BH-
KOPUCTaHHSI METOJIB ONTHUMAJILHOTO TPOEKTYBaH-
Hs, OOTPYHTYBaHHS Ta BIIPOBA/UKEHHS HOBHX IIPO-
TPECHBHUX MaTtepiaiiB, IHHOBAaLliHHUX PIlIEHb TO-
0.

VYxe TpuBaNMid 4ac HaWOUTBII 3aTpeOyBaHUM
THATIOM BaHTAKHOTO BaroHa B €KCIUTyaTallii € IiB-
BaroH. Hecy4a KOHCTpyKIIisl [bOT'O BaroHa ckiaja-
€ThCS 3 paMH Ta Ky3oBa. [IpyyomMy OCHOBHI MO3710-
BXXHI HaBaHTaXEHHA B eKCIUTyaTamii crpuiiMae
xpebToBa Oanka Barona. Hal011b11 HABaHTaXKEHUM
pEeXUMOM ii ekcIulyartanii € MaHeBpOBE CIiBy/Aa-
psAHHSA BaroHiB. BapTo ckasaru, 1o BHACHTIJIOK TIe-
ploanYHOI /ii MOB3JOBXKHIX HAaBAaHTa)XKEHb HAa pamMy
MiBBaroHa, MiJBUIICHUX IIIBUIKOCTEH CIiBYAapsHb
B YMOBaX MaHEBPOBHX POOIT Ta iHIINX eKCILTyaTa-
HIHHUX PEeXUMIB MOXYTh MaTH MiCIle TaKi MOII-
KOJDKEHHS, SIK TpiluHU, nedopmaitii, 0OpuBH 3Ba-
prOBaJIbHUX MIBIB TOMIO (pHC. 1).

Taka oOcTaBrHa BHUKJIMKAE HEOOXITHICTh BUIY-
YCHHSI BarOHIB 3 1HBCHTApPHOIO MapkKy abo 3iiiic-
HEHHS TMO03aIJIaHOBUX BH[IB PEMOHTY, a OTXKe,
1 IOIATKOBHX BUTPAT Ha iX yTpUMaHHA. Y 3B’SI3KYy
3 IMM B@)XJIMBHUM € BJIOCKOHAJICHHS HECYYHX KOHC-
TPYKIiH MiBBaroHiB i3 METOI0 3MEHIIEHHS iX JH-
HaMiuyHOi HABaHTAXXEHOCTI 3a eKCIUTyaTaliliHuX
PEKUMIB.

ABTOpPH CTaTTi MPOBENW AHATITUYHUN OIJIS]
nmyOJiKaIii i3 nuTaHb 3a0€3MeUeHHS MIITHOCTI He-
Cy4YMX KOHCTPYKIIH BaroHiB 3a eKcIUTyaTaliiiHuX
PEKUMIB HABAaHTAXKEHb.

Y ny6mikanii [8] oOrpyHTOBaHO 3aCTOCYBaHHS
yHIBepcaJlbHOro npodimto s xpedToBoi Oaiku
BaroHa. Lleit npodins mae C-nonibny koHdirypa-
niro. HaBeneHo pe3ynbraTH po3paxyHKY Ha Mill-
HICTh, SKI MiATBEPIWINA JOLUIBHICTh 3alpPOIIOHO-
BaHMX pimeHsb. Ciif 3a3HAYUTH, 10 3aXO0JiB 1010
3MEHIICHHS JUHAMIYHOI HABAaHTAKEHOCTI paMu
HiBBaroHa Mpy IbOMY HE 3alIPOIIOHOBAHO.

BuzHaueHHIO MIITHOCTI paM¥ IIBUIKICHOTO Baro-
Ha-Tatgopmu npucBsueHa podota [1]. 3’sicoBano
THOJIST IUCIIOKAIliT MAKCUMAIBHNX €KBIBAJICHTHHUX Ha-
NpyXeHb Ta OCHOBHI MOKa3HMKH MILHOCTI paMu.

aa

Puc. 1. [TomkomKeHHS paMu TTiBBaroHa.
a — TpilyHa B XpeOTOoBiit 6ami;
6 — BiIpUB IIBOPHEBOT OATKH

Fig. 1. Damage to the gondola car frame:
a — center sill crack; b — body bolster break

[IpoBeneHo MOPIBHAJIBHUN aHaANi3 MEXi BUTpUBA-
JIOCTI paMu 3a pe3yiJbTaTaMH TEOPETHYHOTO PO3-
paxyHKy Ta CTEHJOBHX BHUIpOOyBaHb. Paszom i3
UM TTUTaHHSIM 3MEHIICHHS HaBaHTAXXEHOCTI paMH
BaroHa-1uaTGpopMH yBaru He MPHIIICHO.

AHaii3 TEOpPEeTHYHHX Ta EKCICPHUMEHTAIbHHX
JOCJIDKEHb MIIHICHUX SKOCTEH €JIEMEHTIB PyXo-
MOTO CKJIaJy Ha MPHUKIaAi XpeOToBoi Oajku BaH-
TaXHUX BaroHiB BUCBITJIEHO B poOori [7]. HaBene-
HUHA TPUKIAJ BUKOPHCTAHHA 3alpPOIIOHOBAHOTO
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MiIX0/Ty 3aCBiIYMB HOTO Mpare3aTHICTh Ta edek-
TUBHICTh, a TaKOX INPABWIBHICTH CIIPSIMYBaHHS
BiJIMOBITHUX HAYKOBO-IOCIIiTHUX POOIT.

VY my6mikarii [2] momaHo po3paxyHOK Ha Mill-
HICTBH Ky30Ba IiBBaroHa 3a HaMO1IbIIl HECTIPHUSATIH-
BUX EKCIUTyaTalliiHUX PEXHMiB HaBaHTa)KEHb Ta
3allpONOHOBAHO 3aXO0JU IIOA0 BIOCKOHAJICHHS HO-
T'0 HECYYOi KOHCTPYKIIi.

OpHak Taki 3aX0/M CHPSMOBaHI Ha MMOCHJICHHS
CKJIaJIOBUX HECYYHMX KOHCTPYKLIH BaroHiB, a He
3MEHIIEHHS X JMHAMIYHOI HaBaHTa)XKEHOCTI B €KC-
TTyaTarii.

OOrpyHTYBaHHS! BIOCKOHAJIEHHS HECY40i KOHC-
TPYKIUii MmiBBaroHa Jyisi 3a0e3MeYeHHs] MIITHOCTI Ta
HaJIMHOCTI HOTO eKcIuTyaTamii BHCBITIEHO B pO-
6orti [9]. I3 MeTOIO BHU3HAYEHHS MIIIHOCTI Ta BTOM-
HO1 TOBrOBIYHOCTI Ky30Ba IMiBBaroHa BUKOPHUCTAHO
METOJM MaTeMaTUYHOTO MOJICIIOBaHHS. Pe3ynbra-
TA MOJENIOBAHHS MITBEPIWIA JOUIIBHICTE 3a-
MPOTMIOHOBAHOTO BJIOCKOHAJICHHS. 3a3HAYMMO, IO
3aMpoIIOHOBaHI 3aX0/1 HE CIPUITUMYTh 3MEHIIICH-
HI0O JMHAMIYHOI HABaHTAKEHOCTI HECY4Oi KOHC-
TPYKIii MiBBaroHa B eKCILTyaTallii.

VY pobotax [10, 11] HaBeaeHO pe3yabTaTH BU-
3HAa4YeHHs] TUHAMIYHOI HaBaHTa)KEHOCTI IMiBBaroHa
3 HalOBHIOBa4eM y Hecydyill koHcTpykuii. Ocobnu-
BICTIO TIBBaroHa € Te, 10 CKJIaJI0BI HECYYOi KOHC-
TPYKIii BUTOTOBJICHI 3 TPyO Kpyrioro mepepisy.
Ilpr 1pOMY SIK HAMOBHIOBAY PO3MJISHYTO MiHOA-
JoMiHiHA. OJiHaK Taka Hecydya KOHCTPYKIIis BaroHa
XapaKTepU3YEThCs CKIQJHICTIO 3 TEXHOJIOTIYHOT
TOUYKH 30pY BUTOTOBJICHHS Ta €KCILTyaTallii.

a—a

Meta

OCHOBHOIO METOI0 CTaTTi € JOCHIHKCHHS TH-
HaMiuHOi HaBaHTAKEHOCTI HeCyuoi KOHCTPYKIl
MMBBaroHa 3 TMPYXHO-B’SI3KMM HAIIOBHIOBaYEM
y XpeOTOoBiii Oalli TUIIXOM MaTeMaTHIHOTO MOJe-
moBaHHA. JI7sl TOCSTHEHHS 3a3HA4Y€HOi METH BH-
3HAYEHO TaKi 3a/1a4i:

— CKJIACTH PO3PaXyHKOBY CXEMy HECYd0i KOHC-
TPYKLil iBBaroHa 3 Npy»HO-B’3KMM HallOBHIOBA-
4yeM y XpeOToBiii Oaiii 3a MaHEeBPOBOTO CIHiBYAa-
PSIHHS,

— BU3HAYMATH [WHAMIYHY HaBaHTaXEHICTh He-
Cy40i KOHCTPYKIIi MiBBaroxa.

MeTtoauka

Tunosa xpebToBa Oanka miBBaroHa CKIaJaacThb-
csl 3 IBOX Z-MoJiOHUX MPOo(ifiB, MEPEKPUTHX ABO-
taBpoM (puc. 2, a). Jlasg MoOJinIIeHHs MIHOCTI
XpeOTOBO1 Oallku Ta 3MEHIIIEHHST BUTPAT Ha T03all-
JIAHOB1 BUIM PEMOHTIB TiBBarOHIB 3alIPOIIOHOBAHO
BUKOpPHUCTaHHs MPOQiiiB, SKi YTBOPIOIOTH 3aMKHe-
HUH mepepi3 XpeOToBo1 OamKku, 3alTOBHEHUN €Hep-
TONOMIMHATIBHAM MaTepiajioM Yy MPY:KHO-B’ I3KUMH
BJIACTHUBOCTSIMU. 3BEpXy Ha XpeOTOBid Oamii po3-
MilIy€eThCst TBOTaBp (puc. 2, 6).

Juis oOTpyHTYBaHHS BUKOPHUCTaHHS XpeOTOBOI
0anKu 3amponoHOBaHOI KOHCTPYKII MPOBEACHO
MaTeMaTHYHE MOJICIIOBAaHHSA JWHAMIYHOI HaBaH-
TaXeHOCTI miBBaroHa. [lo yBarm B3STO BHIAIOK
MO3/I0BKHBOI HABAHTAXKEHOCTI HECY4Oi KOHCTPYK-
1ii mBBaroHa 3a MaHeBPOBOI'O CIiByaapsiHHs. Po3-
paxyHKOBa cxeMa IiBBaroHa HaBeJeHa Ha PUC. 3.

6-b

Puc. 2. Ilepepi3 xpeOTOBOI Oanky miBBaroHa:
a — THIIOBA KOHCTPYKIIis; 6 — YZIOCKOHAJICHA KOHCTPYKIIist

Fig. 2. Cross section of the center sill of the gondola car:
a — typical design; b — improved design
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Puc. 3. PozpaxyHkoBa cxeMa ImiBBaroHa

Fig. 3. Gondola car calculation scheme

Jlyis BU3HAUYCHHS NUHAMIYHOT HABAaHTAXXCHOCTI  BAHTAKEHOCTI IMiBBaroHa. Y Hil BpPaxOBaHO CHJIH
MiBBaroHa BHKOPHCTAHO MAaTeMaTHYHYy MOJeNb, TEpTs, SKi BUHUKAIOTh MK I’ITHUKaMH Ky30Ba Ta
chopmoBany mpod. I'. I. boromazom. Y pamkax miAm sTHUKAMHU Bi3KiB, a TaKOX BIIACTHBOCTI €HE-
BOTO JTOCTIKEHHSI MOJIENb IOONPAIbOBAHO LIUIs-  TOMOTIMHAILHOTO MaTepiaiy.

XOM ajanTalrii 1i 70 BU3HAYEHHS AMHAMIYHOI Ha-

Mg, -¥+(My-h)-$=FB,—2P, —B-x—c-x; 1)
- §+(My -h)-jc'—g-(p-(MB~h)=Z-FTP(signA1 —signA2)+l(k1 A~k A); (2)
Mg 2=k A +k, - A, = Fpp (signA, —signA, ), ®3)

ne Ay =z—-1-¢; A,=z+1-¢9, Ms, — Maca GpyTTO
BaroHa; Mp — Maca HeCcy4oi KOHCTpPYKIIii BaroHa; /s PesyabTaTn

— MOMEHT iHepIii Baroa; Pu — BETUMHHA T03/710B- Po3paxyHOK IPOBEEHO JUIsl MiBBaroHa MOJE
KHBOT CUJIM Ha 3a/IHIA YIIOp aBTo3Yeny; Pr, — CUIM 12757 Ha Bi3kax 18—100. 3HaYCHHS TO310BKHBOT
TEpTsl, K BUHMKAIOTh MDK IT'SITHUKAMH paMH Ta CHIH, KA i€ Ha 3ajHi YIOpH aBTO3YEMNy, Y3STO
i’ STHAKaMU Bi3KiB; ¢ — dKOPCTKICTh MaTepiany, pisHoto 3,5 MH [3, 4]. Bximuumu napamerpamu
SIKMM 3aIlOBHEHA XpeOToBa Oaika; B — KOCQILIEHT  varemMaTHUHOI MOZIEN € TEXHiUHi XapaKTEPHCTHKH
B’SI3KOT0 OTOPY MaTepiaily, SKMM 3all0OBHEHA XpeO-  piggaroua, Bi3KiB, cuia VIapy B ABTO3UEIL, 3 TAKOK
ToBa Oanka; | — monouna 6asu Barona; Frp — ab-  pracTHBOCTI  eHEpromorNMHAIBHOrO —Matepiany.
COIIIOTHE 3HAYECHHsA CHMJIM CyXOro TEPTA Yy PECOP-  BpaxoBaHO, IO XKOPCTKICTh Marepiaiy, sSKHM 3a-
HOMY KOMIUIEKTI; Ki, K2 — KOPCTKICTh TIPY’KUH P€-  nopHeHa xpebroBa Oaska, cknanae 82 kH/wm, a ko-

COPHOTO Mi/BIUIyBaHHA Bi3KiB BaroHa; X, ®, Z —  edimient B’s3xoro onopy — 120 kH - ¢/m.
KOOP/IMHATH, 110 Bi/NOBIIAK0Th, BiAINOBIIHO, MO3- Po3B’s130k qudepenianbaux pisHsaHb (1) — (3)
JIOBIKHBOMY, KyTOBOMY HAaBKOJIO IOIEPEYHOI OCl  3iiiicHeHo 3a MeTomoMm Pynre—Kyrra B mporpam-
Ta BEPTHKAILHOMY IICPEMIIIECHHIO BaroHa. HoMmy Komiuiekci MathCad [5, 6] y Burmsiai:
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Pn_(Pn _ZPTp _B'yZ _c'yl)_(MB h)y4

Y,
Y4
Ys

F(t,y)=

|- Frp (SignA, —signA, )+ 1(k, A =Ky - A, )= (My - h)- oy + g+ yy - (My - h)

M (4)

Gp 1

K -A 4K, A, =

s

Frp (SignA, —signA, )

Z =rkfixed(Y O, tn, tk, n, F).

Ilpy mpomy Y1 = X; Y3 = @; Ys =2Z; Y2 = Y1;
Ya=Y'3 Y6 = Y's.

[TogaTkoBi yMOBH B35TO PIBHUMH HYITIO:

My

YO=

O O O O O o

Y3arajibHeHI MPUCKOPEHHS 00YUCICHO B MaCH-

Bi ddqj,i .

Pl'[_(PH_ZPTp _B‘J’2_C‘Y1)_(MB‘h)‘)>4

ddqjyz =

ddg., = , 5

q;, M, ®)

|- Frp (signA, —signA, )+ 1(k, - A, =k, - Ay )= (My - h)- 3, + g+ y3-(My - ) ©
g ’

ddg, - K- Ay + Ky - Ay = Frp (signa, —signAz). -

Pesynbprati po3paxyHKy J03BOJIHIN OTPHUMATH
MIPUCKOPEHHS, SIKi JTIFOTh HA paMy IiBBaroHa i3 3a-
MKHEHOI0  KOHCTPYKIi€l0  XpeOToBoi  Oaiku

(puc. 4).

My

[lpu mpomMy MakcumaibHa BETHMYHMHA TPHUCKO-
penHs cknana 6imsbko 37 m/c’. OTpumana Besu-
YMHA NPUCKOPEHHS Ha 4 % HIKYa 3a IPUCKOPEH-
Hsl, SIKE JII€ Ha MiBBAarOH 13 THUIIOBOIO KOHCTPYKIII€I0
XpeOToBOT OanKu.
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TOHA, 3 ypaxyBaHHSIM 3aXOJ[iB I0JI0 BIOCKOHAJIEH-
HSI 32 MAHEBPOBOTO CITiBYIAPSIHHSL.

PesynpTatn mpoBeneHHX AOCHIIKEHb CIPHS-
THUMYTh 3MEHIICHHIO MOIIKOKEHb HECYYNX KOHC-
TPYKILIHA MiBBAaroHIB B €KCIUTyaTaii, CKOPOYECHHIO
BUTpAT Ha iX yTpUMaHHS, CTBOPEHHIO HaIlpallio-
BaHb II0/I0 POEKTYBAaHHS iHHOBALIHHUX KOHCTPY-
KIII pyXOMOTO CKJaay, a TaKOoX IiABUIIEHHIO
e(eKTHBHOCTI HOT0 eKcIuTyaTarii.

1507 A

[MpuckopenHs, m/c?

f
|
|
i'

-15.0
BucHosku

1. CxiajieHO pO3paxyHKOBY CXeMy HeCydoi
KOHCTPYKIIii TIIBBaroHa 3 MPY>KHO-B’SI3KUM HaIOB-
HIOBaueM Yy XpeOToBiii Oaimi 3a MaHEBPOBOTO
cniByaapsiHHs. Jlo yBaru B3ATO IUIOCKY CHUCTEMY
KoOpJuHaT. BpaxoBaHO, IIO MiBBaroH Mae TpH
cTyneHi BimbHOCTI. [lim 9ac ckiagaHHs po3paxyH-
KOBOi CXEMH TaKOX BpaxoBaHO CHIM TEpTs, SKi
BUHHMKAIOTh ~ MDK  II'SITHUKaMH  Ky30Ba  Ta
i’ ITHAKaMA  Bi3KiB, 1 BJIACTUBOCTI €HEproIio-
JIMHAIBHOTO MaTepiaiy.

2. Bu3HaueHO MUHAMIYHYy HaBaHTaXEHICTH He-
cy4oi KOHCTPYKIIii IiBBaroHa. Bpaxosano, 1o xo-
PCTKICTh Martepiany, sSKMM 3allOBHEHa XpeOToBa
Oanka, ckimagae 82 kH/M, a xoedillieHT B’S3KOr0
omopy — 120 kH - c/m.

MakcuMaibHa BeJTMYMHA PUCKOPSHHS, SKE JIiE
Ha Hecy4yy KOHCTPYKIIIO MiBBaroHa, ckjana OJu-

~30.0
0 5 10

t,C

Puc. 4. [IpuckopeHHs, sKi TIFOTh Y HEHTPi Mac Hecyqol
KOHCTPYKIIIi iBBaroHa

Fig. 4. Accelerations acting in the mass center of the
supporting structure of the gondola car

HaykoBa HOBU3HA Ta IPAKTUYHA
3HAYHMICTh

3anponoHOBaHO MaTeMAaTHYHY MOJENb JUIsl BU-
3HAYEHHS JUHAMIYHOI HABAHTAXXEHOCTI IMIBBAaroHa
13 3aMKHEHOI0 KOHCTPYKII€I0 XpeOTOBOI Oaikwy,
3alOBHEHOI HAMOBHIOBAYEM 13 MPYKHO-B’SI3KUMH

BJIACTHBOCTSIMH. Mojieib JI03BOJISE  OTPUMATH
MPUCKOPEHHSI SIK CKJIAZI0BI JIMHAMIYHOTO HaBaHTa-

3pk0 37 Mm/c’. OTpuMaHa BEIMYMHA TIPUCKOPEHHS
Ha 4 % HWXKYa 3a NIPUCKOPEHHS, SIKE i€ Ha IiBBa-
T'OH 13 TUTIOBOIO KOHCTPYKIIIEIO XPeOTOBOT OaKH.

JKEHHSI, SKi JIFOTh Ha HECY4y KOHCTPYKIIIO ITiBBa-
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Dynamic Loading Research of the Gondola Car Supporting Structure with an
Elastic-Viscous Filler in a Center Sill

Purpose. The work aims to investigate dynamic loading of the supporting structure of a gondola car with an
elastic-viscous filler in the center sill by means of mathematical modeling. Methodology. Mathematical modeling of
the dynamic loading of the supporting structure of a gondola car with a closed center sill filled with a filler with
elastic-viscous properties has been carried out. The case of the highest load on the supporting structure of the gondo-
la car in operation is taken into account — a shunting collision, taking into account the action of a load of 3.5 MN on
the rear stop of the automatic coupler. To determine the dynamic loading of a gondola car, a mathematical model
formed by prof. G. I. Bohomaz was used. However, within the framework of this study, the model was refined by
adapting it to the determination of the dynamic loading of a gondola car. It also takes into account the friction forces
arising between the center plates of the body and the center pivots of the bogies, as well as the properties of the en-
ergy-absorbing material. The solution of the mathematical model was carried out in the MathCad software package.
In this case, the differential equations of motion were reduced to the Cauchy normal form, and then integrated using
the Runge-Kutta method. Initial displacements and speeds are taken equal to zero. The calculation was carried out
on the example of a universal gondola car model 12-757 built by Kriukivskyi Carriage Works PJSC (Kremenchug)
on standard bogies 18-100. Findings. Accelerations are obtained as components of a dynamic load acting on a gon-
dola car with a closed center sill structure filled with an elastic-viscous filler. It was found that with the stiffness of
the center sill filler of 82 kN/m, as well as the viscous resistance coefficient of -120 kN-s/m, the maximum accelera-
tions of the gondola car supporting structure is about 37 m/s? (0.37g). Originality. A mathematical model is pro-
posed for determining the dynamic loading of a gondola car with a closed structure of a center sill filled with an
elastic-viscous filler. The model makes it possible to obtain accelerations as the components of the dynamic loading
acting on the supporting structure of the gondola car, taking into account the improvement measures during a shunt-
ing collision. Practical value. The results of the research will help to reduce the damage to the supporting structures
of gondola cars in operation, reduce the cost of their maintenance, create developments in the design of innovative
structures of rolling stock, as well as increase the efficiency of its operation.

Keywords: gondola car; supporting structure; center sill; dynamic loading; shunting impact
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Bu3HayeHHs KOHCTPYKTHBHHMX MapaMeTPiB IMCKPETHUX YTPUMYBAJIbHUX
CIOpyA

Merta. Ilix yac MpoeKTyBaHHS MPOTHU3CYBHUX KOHCTPYKIiH BHHHMKae Oarato mpoOiem, TOMy IUCKpPETHI KOHC-
TPYKIIi € aJbTEePHATHBOIO TBEPIAUM IMPOTHU3CYBHUM KOHCTPYKILIAM. Y Milf poOOTI epeadadeHo po3poOUTH METOIH-
Ky BU3HA4YCHHS 30HHM BIUIMBY AMCKPETHHX YTPUMYBAJIBHHUX CIODYJ Ha B3a€EMOJII0 3 HUIMU I'PYHTOBOTO MACHBY, IO
CIOB3a€, Ta METOJIMKY, 110 I03BOJISIE OLIHUTH YMOBH CTIHKOTO CTaHy IPYHTY, SKHH B3a€MOJI€ 3 JUCKPETHUMH
YTPUMYBAJIBHUMHU KOHCTPYKUISIMH, LUISIXOM TMOOYIOBU aHAIITHYHHUX 3aJIe)KHOCTEH, HEOOXIJHUX Ui BU3HAYCHHS
PO3MIpiB 30HH, Ta KoedillieHTa cTikocTi IpyHTY. MeToanka. J{Jst ToCSATHEHHS! METH BUKOPHCTAHO TEOPETUYHI J10-
CJIIJPKEHHS] TEOMEXaHIYHUX MPOLIECIB 13 3aCTOCYBAHHSIM aHANITHYHMX 1 YACEIbHUX MAaTEMaTHYHUX METO/IIB, a TAKOXK
aHaJi3 Ta y3arajbHEHHS Pe3yJIbTaTiB TEOPETHYHMX JOCIikeHb. Pe3ynbraTu. HaBeneni B poOOTI pe3ynbTaTH 10C-
JIJOKEHb JI03BOJLSIFOTH MiJl 4ac MPOEKTYBaHHS 3CYBHHMX AMCKPETHHMX CIIOPYJ BU3HAYMTH OOJACTh B3a€MOJIi 3CyBY
3 TUCKPETHHUMH YTPUMYBAJIBHUMH CIIOPYJIaMH, a TAKOXK BPaxyBaTH KOS(II[iEHT CTIHKOCTI YKIaZEHOTO MK eleMeH-
TaMM IHMCKPETHOI YTPUMYBaJIbHOI KOHCTPYKIIi I'pyHTY. OTpHMaHO 3aJISKHOCTI Ui BU3HAYEHHS PO3MIpIiB 30HH,
y SKii BifOyBa€ThCSl B3a€MOIsl IPYHTOBOTO MacuBY, IO CHOB3A€, 3 TUCKPETHUMHU YTPUMYBAJIbHUMU KOHCTPYKIIis-
MH, 1 KoedimieHTa CTIHKOCTI IPYHTY B 30HI Horo B3aemomii 3 numu cropynamu. HaykoBa HoBU3HA. AHaNITHYHI
3aJIEKHOCTI JIO3BOJISIIOTH PO3PAaXyHKOBMM IUIIXOM BH3HAYUTH CTPUTYy MIAHOMY apKu BiJBaJly IPYHTY MiX
eJIeMEHTaMH JINCKPETHOI MPOTU3CYBHOI yTPUMYBalIbHOI KOHCTPYKIii Ta KoedimieHT CTiMKOCTI TIPYHTY.
IpakTuyna 3HaYuMicTh. Pe3yibpraT 10CHIKEHb H03BOJISIIOTh I1iJ] Yac MPOEKTYBAHHS YTPHUMYBAJbHUX JUCKPET-
HUX CIIOpYZ BHU3HAYUTH 00NacTh iX B3aeMomii i3 3CyBOM Ta KoeQiIlieHT CTIHKOCTI IPYHTY, YKJIQJAEHOTO MiX iX ee-
MEHTaMH.

Kntouosi crosa: 3CyB; IPOTU3CYBHA YTPUMYBaJbHAa KOHCTPYKIIiS; CYIIbHA yTPUMYyBaJbHAa KOHCTPYKIisl, JTUC-
KpeTHa YTPUMYBallbHa KOHCTPYKIIis; KOE(IIIEHT CTIHKOCTI; 30Ha B3a€MOIii
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Beryn

Ha croromni mig 9ac mpoeKTyBaHHS TIPOTH3CY-
BHUX YTPUMYBAJIBHHX CIOPYJ MAIOTh MiCIle TakKi
npobuiemu [1, 2]:

1.3acrocyBaHHSI CYIUIBHUX yTPUMYBaJIbHUX
cnopyn (WiAMpPHUX CTiH) — 3aHAATO JOPOTHH
1 TpYIOMICTKHIA TIpoLIEC.

2. BrnamrtyBaHHSI TaKUX CHOPYA CIPHYHHSE Ti-
Npi3yBaHHA yKOCy (CXWMITy) i, IK HACTIIOK, yTpary
HUM CTIMKOCTI, a TaKOXX BIiABEIEHHS MIA3EMHHUX
BO/I.

3. ATbTEepHATUBOIO CYIIUIBHAM TPOTH3CYBHUM
€ IUCKPETHI yTpUMyBallbHI KOHCTpyKmii [6], ox-
HakK, 32 X BUKOPUCTaHHS MOCTAIOTh TaKi Mpooie-
MH:

3.1. € pusuk BTpaTH MIITHOCTI Ta CTIHKOCTI
IPYHTY, SIKHH 3HAXOIUTBCA MiXK eJIeMEHTaMH JIWC-
KPETHOI YTPUMYBaJIBHOI KOHCTPYKIIii, IO MPHU3BO-
IWTH 70 [BOTO — PYyHHYBaHHS 1 3pEIITOI0 — CXO-
JKEHHSI 3CYBY.

3.2. Nuckpetrni  (ocobmmBo  OaraTopsimHi)
YTpUMYBallbHI KOHCTPYKIIii CTBOPIOIOTH LTS Mif-
3eMHUX BOJ OapakHuil edext. Hacmimok — migiiom
piBHS MiI3eMHHX BOJ, TMOTIpPIICHHS CTaHy IPYHTY,
SIKMH 3HaXOAWTHCS B 30HI BIUIMBY YTPUMYBaJIbHOT
KOHCTPYKIIii, Ta HOro pyHHYBaHHS.

3.3. Y Ham yac He iCHy€ METOAMK BU3HAUCHHS
30HH BIUIMBY AUCKPETHUX YTPUMYBAILHUX CHOPY/
Ha B3a€EMOJIII0 3 HUMH IPYHTOBOTO MAacHUBY, IO
crioB3ae. Lle BakIMBO 3HATH TiJ Yac BUKOPHUCTAH-
Hs JJIs craOumizamii 3CyBOHEOE3NEUHUX IUISTHOK
KOMOiHaIlii AUCKPETHUX YTPUMYBAIBHUX KOHCTPY-
KIIi# 1 3aKpiruieHHs IPYHTY (HAIIPHUKIIA]], METOIaMU
CHJTIKaTH3allil, IEMEHTAIlii Ta MOAI0HUX).

3.4. Takox IMOKH HE ICHYE METOIMK, IO JIO0-
3BOJISIFOTH OL[IHUTH YMOBH CTIHKOTO CTaHy IPYHTY,
KWW B3a€EMOJII€ 3 JUCKPETHUMH YTPUMYBaJIbHUMHU
KOHCTPYKIIiSIMH.

JInst BpaxyBaHHSI B3a€MOJIIT AUCKPETHUX yTpPHU-
MYBQJIbHUX KOHCTPYKIIH 31 3CyBaMH BHKOPHCTO-
BYIOTB TEOPII0 apOYHOTO eeKTy, Ky JUIS MPOTHO-
3y CTIMKOCTI CKJIEIiHb MiI3eMHUX BUPOOOK ymep-
nre 3ampornonysaB M. M. TIporox’sikonos [11].

CyTh 1i€l Teopii moysirae B TOMy, IO TIiJ 4ac
OOBaJIEHHSI TIPCHKOI MOPOJHM B TMOKPIBII BHPOOKH
YTBOPIOETbCSL apO4yHE CKIEHiHHA, (opma SKOTo

O6mu3pka 10 mapaboniynoi. CTpiny migidoMy apku
BH3HAYAIOTh 13 BUKOPHCTAHHIM EMITipHIHOI (op-
MyJIH, sIKa BPaxOBYE€ MIIHICTh TIOPOIU HA CTHC-
KaHHS Ta BEJIMYUHY MPOTroHYy apku. OCKiIbKH Me-
toguka M. M. Ilporox’skoHOBa CIpsMOBaHa Ha
BH3HAYEHHs HABaHTa)KEHHSA HA KPIIUICHHS, Hajaii
il posrnsaaty He Oynemo.

3acayroBye Ha yBary BapiaHT BUKOPHUCTaHHS
Teopii apoyHoro  edeKTy, 3ampOIOHOBAHHUN
JI. K. I'ia30yprom [2]. 3anponoHoBaHa HUM po3pa-
XYHKOBa cxema HaBejieHa Ha puc. 1, a. Ilependa-
YeHO, M0 pYyHHYBaHHS IPYHTY BinOyBa€eThCs
B3/IOBX IiHii, 0 MPOXOIHUTH Yepe3 3aMOK apKH.
Bynu orpumani gopmynu Ui po3paxyHKy CTpiiu
iAoMYy apKH BiJBaly Ta BiZICTaHI MiX elleMeHTa-
MH YTPUMYBJIBHUX KOHCTPYKIIIH:

b_6.§2.c-h-cos(a)—E'[2‘§_tg(q’)].
- 0,2.E-§2-cos(a) ,

(1)

_f E+JE2-2-E-h-c-ig(p)
Tp 4-h-c '

ne b — BijcTaHp MK elleMEHTaMH yTPUMYBaJIbHOI
KOHCTpyKuil; f — crpina migilomy apku BimBaiy;
¢ — TUTOME 34YCIUICHHS;, (@ — KYT BHYTPIlTHBOTO
Tepts; E — 3cyBHumit THCK; h — TOBImMHA TpyHTO-
BOI Macu B MICIl pO3TallyBaHHS YTPUMYBJIbLHOI
KOHCTPYKIIi.

Amnaniz ¢opmynu (1) no3Bossie 3poOHTH BH-
CHOBOK, III0 BiJICTaHb MDXK ONOpPaM{ BHMIPIOIOTh
B Y YacTKaxX OJWHMIN (HACTpPaBlli BOHA ITOBHHHO
MaTH PO3MIpHICTh «MeTpu»). Kpim Toro, us dop-
MyJia HE Ja€ BIAMOBIAI HAa 3alUTaHHS TMPO Te,
y SIKOMY cTaHi (cTifikoMy, OaiayxoMy abo HecTiii-
KOMY) mepeOyBa€e IPyHT MiXK €JIeMEHTaMu yTPUMY-
BaIbHOT KOHCTPyYKIii. ToMy HailOLIbII IEPCIIEKTH-
BHUM Ui I1i€1 3ajadi € po3poO0JICHUH IIKOJIOH
npod. O. M. lllamenka miaxif, cyTb SKOTO IOJIS-
ra€ B MiIpaXyHKY YTPUMYBaJIbHUX 1 3CYBHHX IPYH-
TOBMX CHJI 1 BU3HAYCHHI Ha Iii OCHOBI KOe]iIieH-
Ta CTIHKOCTI, 110 BKa3y€e Ha CTIHKICTh MOPOIHOTO
(y Hamomy BMIIQAKY IPYHTOBOTO) MacuBy [3, 5, 9,
10, 11].
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Puc. 1. Po3paxyHKOBI CXeMH CUCTEMH «3CYB — TUCKPETHA YTPUMYBATbHA KOHCTPYKITIS:
a — po3paxynkoBa cxema JI. K. I'iH30ypra; 6 — po3paxyHKoBa cXema, 3allpOIIOHOBaHa B I1iif CTATTi.
Ha puicyHKax y3sTO MO3HAYCHHS:

Ry — BepTuKanbHa ONOpHA peaKilis; Rh — rOpH30HTaNIbHA OMOpHA peakiis; E — 3cyBHuit THCck; b — mporin apku;

B — kyT Haxuiy oci apku 10 TopusoHTy; R, i Ph — BEpTHKAJIbHUH Ta TOPH30HTAIBHUI THCK y TOYI Ha OCi apKH.

CBITJIMM KOJBOPOM MO3HAYCHO IPYHT Y 30HI B3a€MOJII1 3CYBY 3 YTPUMYBAIBHOK KOHCTPYKIIIEO

Fig. 1. Calculation schemes of the system «shift — discrete retaining structurex:

a — calculation scheme of L. K. Ginzburg; b

— calculation scheme proposed in this article.

Designations:
Ry — vertical support reaction; Ry - horizontal support reaction; E — shear pressure; b — span of the arch;

B — canting angle of arc axis; R, and P - vertical and horizontal pressure at a point on the arch axis.

The soil in the interaction zone of the landslide with

Meta

V wmi#i crarTi nependadyeHo po3poOUTH METOAH-
Ky BU3HAUCHHS 30HU BIUIMBY JUCKPETHHX YTPHMY-
BAIBHHUX CIOPYJ Ha B3a€MOJIII0 3 HUMHU IPYHTOBO-
rO MacHBy, IO CHOB3a€, Ta METOJMKY, IO J103BO-
JISi€ OLIIHUTH YMOBH CTIHKOTO CTaHy IPYHTY, SIKUH
B3A€EMOJIIE€ 3 JUCKPETHHUMH yTPUMYBAILHHUMH KOH-
CTPYKIISIMU, IUIAXOM TMOOYOBH aHATITHYHHUX 3a-
JIEKHOCTEH, HEOOX1THUX JUIsl BU3HAUCHHS PO3MIpiB
30HHU, 110 CTHIOB3a€, Ta KoedillieHTa CTIHKOCTI IPYyH-

Ty.
MeTtoauka

3aBaaHHs JOCTIDKEHHS Ta B3ATI MPHUITYIICHHS
Oyin chopMyTbOBaHI TAKUM YHHOM:

1.Tlin wac pyiiHyBaHHS TPYHTOBOTO MAacHBY,
IO B3a€EMOJIE€ 3 JUCKPETHOK YTPUMYBAIHGHOIO
CIIOPYZIO0, YTBOPIOETHCS apKa BiABaly OAWHUYHOI
TOBILUHHM, CIPSMOBaHA OMYKJIOI YaCTHHOIO Haszy-
CTpi¥ BEKTOPY IepeMilieHHst 3¢yBy. Jls 3py4uHoc-
Ti Bi3bMEMO i1 CTPiTUacCTO0 (PO3paxyHKOBa cXeMa
Ha puc. 1, 6).

the restraining construction is presented in light color

2. Jlo apku TpHKIIaJeHe PIBHOMIpHE PO3MO/Ii-
JICHe HABaHTa)XEHHS (, SKE YHCENIbHO JOPiBHIOE
BIZIHOIIICHHIO 3CYBHOTO THCKY E 10 ToBIIMHH

E (puc. 1, 6).
h

3.Onopu apok CUpaloThCS Ha CYCi/IHI eneme-
HTH JTUCKPETHOI yTPUMYBaIIbHOT KOHCTPYKIi. [Tpu
LIbOMY BUHUKAIOTh rOpu3oHTaNbHi (R, ) 1 BepTuka-

rpyHTOBOI Macu h, To6T0 (= Ph

abHi (R, ) peaxmii.

4. Bigoma ¢opma KOHTypy oOmacti BifBamy
TipChKOi MTOPOAX HaJ BUPOOKOK (TouHiIIe, ii piB-
uaaas Y(X)).

5. MexaHi3M pyiiHyBaHHsI IOPOAH — 3CyB. Tomy
il moBemiHKa mijJ 4ac pyHHYBaHHS MiINOPSIKOBY-
eTbcst yMmoBi MinHocTi Kynona—Mopa [3, 5, 7, 11]:

(2)

Je T— JAOTHYHE PYIHHIBHE HANpPYy>KEHHS, G — HOp-
MaJlbHE HanpyXeHHs; (¢ — KyT BHYTPIIIHBOTO Tep-

tzc-tg((p)JrC,

Ts; C — IATOME 34YEIIJICHHS.
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6.BigomMi MilHICHI XapaKTEpPUCTHKH IPYHTY
(ToOTO #iOoTO TIMTOME 3UYEIUIeHHS C 1 KyT BHYTpIiIlI-
HBOTO TEPTS P).

7.llpukianeni A0 oceil apoK TOPHU3OHTAIbHI
cunu B, y3sTi piBHUMH HyIIO (1i€ HalO1IbII HEBU-
T1THIN BUTIAT0K).

VY pamkax kpurepito minHocti Kymona—Mopa
HEOOXiTHO BU3HAYWTH CTPLTYy MiAAOMY apKH Bij-
Baiy f Ta koedimieHT CTIHKOCTI IPYHTY, IO B3a€-
MOJIi€ 3 IPOTU3CYBHOIO CIIOPYIOIO.

PesyiabTarn

Hwxue npeacraBieHuil alroputM BU3HAYEHHS
CTpiNK MiIHOMY apKH BiBally IPyHTY Ta Koedili-
€HTa HOTO CTIHKOCTI.

1. PiBHAHHSA MEXi apKd BifBaly B IEPIIOMY
HaOJIMKEeHHI MTOJIAHO Y BUTJISAIL

%-XzaXe(O,a);
Y(X)z f (2—2) 3axe(a,b); (3)
b
a:_
2

2. KyT Mix BicCIO apKu Ta HOPMaJUIIO 0 TOPH-
30HTY JOPIBHIOE:

a(x)=a= arctg[de—E:()} = arctg[i} )

3. Kyt Haxumy oci apku 10 TOPHU30HTY IOPiB-

HIOE:
dy
B(X) =B= g — arctg{#} = g - arctg(%). (5)
4. TudepeHttian 3cCyBHUX CHIL:
_Qq-f-dx

dT (X)=q-sin(a) (6)

Jai+f?
5. lucepentiian mpoekii 3cyBHUX CHII Ha Bep-
TUKaNbHY Bick Oy BU3HAYA€MO TaKUM YHMHOM:

_q-f-a-dx

dT. =
a’+ f?

w0,y (X)=dT (x)-cos(P) .(7)

6. Audepenuian HopMaIbHOI 10 OCI apKU CHJIH
BHU3HAYAEMO 3a (OPMYJIOH0:

_ g-a-dx
Jai+f?

7. dudepeHmian cuiy, mo yTpUMYe IPYHTOBHIA
MAacCHB, TOPiBHIOE:

dT4 (X)=dN(x)-tg(¢)+c-ds =

dN (x)=q-cos(a) (8)

_q'az-tg((p)+c'(a2+ f2)

«/a2+f2

— audepeHtiian JyTu oci apKu.

-dx, (9)
a .

dx
0s(a)

8. Iudepenmian mpoekIii cuim Ha BEPTHKAIb-
HYy BiCh, IO YTPUMYE IPYHTOBHH MacuB, JIOpiB-
HIOE:

dTy., (x)=dTyq (x)-sin(B)

q-az-tg((p)+c-(a2+f2)
- a’+f?2

-dx. (10)

9. CymMa mpoekiiii 3CyBHUX CHJI HA BEPTHKAJIb-
Hy Bich Oy TOpiBHIOE:

a qfa2
d,y :2._([dTSd,y(X):2.W'

T

S

(11)

10. Cyma mpoekuii cuia Ha BEpTUKAIbHY BiCb,
YTPUMYIOTh IPYHTOBHI MacHUB, IOPIBHIOE:

a

2-deud,y(x)=

0

Tud,y

'az‘t . 2 f2
:Z.q g(e)+c (a + )
a’+f?

-a. (12)

11. KoedimieHT cTifiKOCTI apku BigBaimy J0Opi-
BHIOE BIIHONICHHIO CYMH 1i YTPUMYBalIbHUX CHII
JI0 CyMH 3CYBHUX CHIIL

T -a%-t +c-(a?+f?
Ku _ ud,y — q g((P) ( ) (13)
Tdey f-q-a

12. ®opmyna (13) e dhyHKIIOHATIOM, SIKUIT Ma€e
eKCTpeMyM (TOYHIIIe, MIHIMyM) SIKIIO 3HAYEHHS
CTPiSH MiiOMY apKu J0piBHIOE [4]:
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2 2
oo | Jeet)e g,

c 2-C

Amnami3 popmynu (14) Bka3ye Ha Te, 1m0 BiAMO-
BITHOMY MiHIMaTbHOMY 3HAuYeHHIO KoedillieHTa
CTIMKOCTI BIAMOBIJa€ 3HAYCHHS CTPUIM MigHOMYy
apKH BUBaJy, YUCEIHHO piBHE MII[HOCTI IPYHTY,
po3paxoBaHii 13 BHKOPHUCTAaHHSAM  KPHUTEPIIO
O. M. lamenka [8], moaineHili Ha MUTOME 34eTl-
JICHHS TPYHTY Ta TMOMHOXXEHill Ha MOJIOBHHY MPO-
TOHY MK CYCITHIMH €lIeMEHTaMH yTPHUMYBaIbHOI
KOHCTPYKITi.

13. Jlami 3HaiizeMo MiHIMajbHE 3HAYEHHS KO-
edimieHTa CTIAKOCTI 3 yCiX HOTr0 MOXJIMBUX 3Ha-
yenb. s mporo migcraBumo (13) y (14). Maemo:

g-c-tg(e)+c’
] .

Amnamiz dopmynu (15) Bkasye Ha Te, IO MiHi-
MaJlbHEe 3Ha4YeHHS KoedillieHTa CTIHKOCTiI YHCEellb-
HO JIOPIBHIOE MOJABOEHIN MIIHOCTI IPYHTY, po3pa-
XOBaHIN i3 BUKOPHUCTAaHHSIM KpHUTEPII0
O. M. Illamenka [8], moxineHii Ha 3CyBHUIA THCK,
BiJIHECECHHI JI0 TOBIIUHHU IPYHTOBOI Macu B MICIIi
3HAXOJKCHHS yTPUMYBaIbHOI KOHCTPYKIII.

®opmynu (14) i (15) m03BONSAIOTH BU3HAYUTH
KPUTHYHI 3HAYCHHS CTPLIM MiAHOMY apKH BiBaiy
Ta ii KoedilieHTa CTIHKOCTI JUIs OJIMHUYHOTO IIapy
rpyHTy. 111006 3HaiiTH 11i mapameTpu IS BCi€l 1py-
HTOBOI MacH, BpaxyeMO PiBHICTb:

K =2

(15)

u,min

q=—, (16)

h

ne h — ToBmMHA IPyHTOBOI MacH B Micii po3ra-
IIyBaHHS yTPUMYBaJIbHOT KOHCTPYKIIii. Maemo:

1/E-tg((p)+h-c'b
2-Jc-h
_2.\/E-c-h-tg((p)+(h-c)2.

u,min —

17

K

Henomnikom ¢opmyn (17) € Te, 1m0 BOHH MO-
KyTh OYTH 3aCTOCOBaHI TiJIbKU JIO OJHOPIJTHHX
ocHOB. [lyii #Oro ycCyHEHHs 3aMiHMMO MillHiCHI
XapaKTePUCTUKU 1X CEpeAHbO3BaKEHHMHU 3HAUCH-
HaMu C 1 @. Y upomy Bumaaky piHocti (17) Ha-

OyayTb BUTTISIY:

E-tg(p)+h-T
f ;
2-Jc-h
E-c-h-tg(3)+(h-c)
o -2 AEEDO@ T
Zci 'hl Z(PI 'hl

= _ il !

C= h 1 (p h s
ne C; 1 @, — MIIHICHI XapaKTepUCTUKH | — TOTO

IPYHTOBOTO IIapy 3aBTOBIIKK N, a M — KiTbKiCTH
IPYHTOBHX IIIAPiB.

HayxoBa HOBU3HA Ta NPAKTUYHA
3HAYNMICTDh

OTprMaHO aHANITHUYHI 3aJIEKHOCTI, IO J03BO-
JSIIOTh PO3PaxXyHKOBHM HUISXOM BHU3HAUWTH TakKi
napaMeTpd CHCTEMH «IUCKpETHa TPOTH3CYBHA
KOHCTPYKLisl — IPYHTOBUI MaCHUB, LII0 CIIOB32€»!

— CTpUTYy MiTHOMY apKd BifBalXy IPYHTY MiX
€JIEMEHTaMH JTUCKPETHOI NPOTU3CYBHOI YTPUMY-
BaJIbHOI KOHCTPYKIIIi (TOOTO 30HY BIUIMBY JHCKpE-
THO{ IPOTHU3CYBHOI CIOPY/IH Ha 3CYB);

— KOeQilieHT CTIMKOCTI TPYHTY, YKJIaJCHOTO
MiX eJIeMEHTaMHU JHCKPETHOI MPOTH3CYBHOI CIIO-
pyau.

Hageneni B poOOTI pe3ysIbTaTH JTOCIIHKEHD J10-
3BOJIAIOTH ITiJ] 9aC MPOEKTYBAaHHS 3CYBHUX THCKpe-
THHUX CIIOPYJ BU3HAYUTH 00JaCTh B3a€EMOJIT 3CYyBY
3 TUCKPETHUMHU YTPUMYBaJbHUMH CIIOpydamHu (1ie
BXIIMBO 32 JIOJJATKOBOTO BUKOPUCTaHHS METOJIB
TIOJIIMIIIEHH Oy/IiBeIbHUX BIIACTUBOCTEH TPYHTO-
BHX OCHOB), & TaKOXX BpaxyBaTH Koe(iIli€eHT CTiii-
KOCTi YKJIaJICHOTO MDK €JIeMEHTaMH JUCKPETHOI
YTPUMYBAIBHOI KOHCTPYKIIi IPYHTY (1I€ BaXKJINBO
B pasi BUOOPY MicIii BIIAIITYBaHHS MPOTH3CYBHOI
CTIOpY/H, IPU3HAYEHHS KPOKY PO3MIllleHHs 11 eJre-
MEHTIB Ta IHIIMX KOHCTPYKTUBHHX [1apaMETPIB).

BucHoBku

VY uminoMy MoKHa 3pOOMTH BHCHOBOK, IO
oTpuMaHi y poboTi GopMyIu JT03BOJISIIOTH BHU3HA-
YHUTHU 30HY 3CYBY, Y sIKiil BiiOyBa€ThCsl HOro B3ae-
MOJIisl 3 MEPEepUBYACTUMH YTPUMYBAJbHUMHU CIIO-
pyJamH, i KoedillieHT CTIKOCTI IPYHTY B IiH 30Hi.

i maHi MalOTh BayKJIMBE 3HAYECHHS ISl TIPOEK-
TYBaHHS JUCKPETHUX YTPUMYBAJIbHHUX CIIOPY/.

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2021/242035

© B. T Illanoaaun, I. O. [Tonomapenko, I'. I1. IaHoBa,
P. M. Tepeuryk, J1. O. lllamenxo, 2021

71


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp20

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

Hayxka Ta nporpec Tpancrnopty. BicHuk J[HiIponeTpoBchKoro
HaLliOHAJBHOTO YHIBEPCHTETY 3alli3HHYHOTO TpaHcnopTy, 2021, Ne 3 (93)

TPAHCIIOPTHE BYJIBHUIITBO

CIIMCOK BUKOPUCTAHUX JIUKEPEJI

1. Buneym A. U. Ononsuu u npomugoononsnessvie meponpuamus. Kues : Haykoa mymxa, 2009. 560 c.

T'urz0ypr JI. K. Ilpomusoonoasunesvie coopyocenus. Juenponerposck : Jlupa JIT, 2007. 188 c.

3. Kospos O. C., Tepemyk P. M. AHami3 miaxoziB mo10 BU3HAYeHH MilHICHUX XapaKTEPHUCTHK TiPCHKHUX TOPif
JUTS IPOTHO3Y 3CyBOHEOe3MedHoCTi YKOCiB. Cyuachi mexnonozii, mamepianu i KOHCmMpyKyii 8 6y0ieHuYymai.
2020. T. 28, Ne 1. C. 63—72. DOI: https://doi.org/10.31649/2311-1429-2020-1-63-72

4.  KopH I'. Cnpasounux no mamemamuxe 0 HAY4HbIX pAOOMHUKOS U UHICEHEpos. Onpedenenusi, meopembi,
@opmynvr. Mocksa : Kaura o Tpebosanutro, 2014. 832 c.

5. Cuemxxkosa O. A., Kospos O. C., Muinienko T. B. CTatucTiyHa OIliHKa MII[HICHAX BIACTUBOCTECH MIIMHUCTHX
nopina. 36. nayx. npaye HI'Y. 2018. Ne 54. C. 240-252.

6. Trotekin O. JI., IrHarenko /1. FO. BuznaueHHs pallioHaIFHUX TapaMeTpiB MiIiPHUX KOHCTPYKILH 13 IPYHTO-
[IEMCHTHHX T1aJlb Ha 3CyBOHeOe3meunnx cxunax. Hayxka ma npoepec mpancnopmy. 2020. Ne 6 (90). C. 97-105.
DOI: https://doi.org/10.15802/stp2020/225281

7.  Ilamoman B. I'., Hlamosan A. B., Mopkisauk b. B., Aaapees B. C. Mexanuxa epynmog. JJHETIPOTIETPOBCK :
IToporu, 2010. 168 c.

8. [MMamrenko A. H., ITycroBotiterko B. I1., Capmxkosa E. A. I'eomexanuka. Yue6nux. Kues : 'BY3 Hamwmo-
HaJbHBIN FOpHBIN yHUBepcuteT, 2015. 563 c.

9. BabetsD. V., Kovrov O. S., Moldabayev S. K., Tereschuk R. M., Sosnha D. O. Impact of water saturation ef-
fect on sedimentary rocks strength properties. Hayxosuii ¢icnux HI'Y. 2020. Ne 4. P. 76-81.

DOI: https://doi.org/10.33271/nvngu/2020-4/076

10. Solodyankin O., Kovrov O., Ruban N. Investigation of physical and mechanical properties of subsiding soils at
the Yevpatoriyskaya ravine located in the City of Dnepropetrovsk. Hayxosuii éicnux HI'Y. 2015. Ne 1.

P. 15-20.

11. Shapoval, V., Solodyankin, A., Hryhoriev, O. & Dubovyk, O. Determining the parameters of a natural arch
while forming support load of a horizontal roadways. Hayrosuii gicnux HI'Y. 2021. Ne 2. P. 17-25.

DOI: https://doi.org/10.33271/nvngu/2021-2/017

N

V. H. SHAPOVALY, I. 0. PONOMARENKO?", H. P. IVANOVA® R. M. TERESHCHUK*",
D. 0. SHASHENKO®”

“Dep. «Construction, Geotechnics and Geomechanics», Dnipro University of Technology, Dmytra Yavornytskoho Av., 19,
Dnipro, Ukraine, 49005, tel. +38 (095) 471 81 92, e-mail shapvv27@gmail.com, ORCID 0000-0003-2993-1311

2"Dep. «Industrial and Civil Construction», Cherkasy State Technological University, Shevchenko Blvd., 460, Cherkasy,
Ukraine, 18006, tel. +38 (067) 962 76 71, e-mail ivan1990ponomarenko@gmail.com, ORCID ID 0000-0003-4296-3975
¥*Dep. «Construction, Geotechnics and Geomechanics», Dnipro University of Technology, Dmytra Yavornytskoho Av., 19,
Dnipro, Ukraine, 49005, tel. +38 (050) 452 99 45, e-mail ivanova.h.p@nmu.one, ORCID 0000-0003-4219-7916

“*Dep. «Construction, Geotechnics and Geomechanicsy», Dnipro University of Technology, Dmytra Yavornytskoho Av., 19,
Dnipro, Ukraine, 49005, tel. +38 (095) 751 2526, e-mail Tereschuk.rm@gmail.com, ORCID 0000-0003-4509-2511

>"Dep. «Geodesy», Dnipro University of Technology, Dmytra Yavornytskoho Av., 19, Dnipro, Ukraine, 49005,

tel. +38 (096) 716 73 93 e-mail shashenko@gmail.com, ORCID 0000-0002-0762-8306

Definition of Construction Parameters of Discrete Restraining Constructions

Purpose. There are many problems in the design of anti-landslide constructions, therefore discrete constructions
are an alternative to solid anti-landslides. Despite the advantages of such constructions, difficulties also arise when
using them. In this work, it is envisaged to develop methods for determining the zone of influence of discrete
restraining constructions on the interaction of a sliding soil mass with them and a method for assessing
the conditions of a stable state of the soil, which interacts with discrete restraining constructions, by
constructing analytical dependencies necessary to determine the zone size and the soil stability coefficient.
Methodology. Theoretical studies of geomechanical processes using analytical and numerical mathematical
methods, as well as analysis and generalization of theoretical research results were used to achieve the purpose.
Findings. The research results presented in the work allow, during the design of landslide discrete constructions, to
determine the area of interaction of the shear with discrete retaining constructions, as well as to take into account the
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stability coefficient of the soil laid between the elements of the discrete retaining structure. Dependences were
obtained for determining the zone size in which the sliding soil mass interacts, with discrete retaining constructions,
and the soil stability coefficient in the zone of its interaction with these constructions. Originality. Analytical
dependencies allow to calculate the boom of lifting the soil dumping arch between the elements of the discrete anti-
landslide restraining construction and the coefficient of soil stability. Practical value. The research results allow,
when designing discrete restraining constructions, to determine the area of interaction of the shear with these
constructions and the stability coefficient of the soil laid between the elements of the discrete restraining
construction.

Keywords: shear; anti-landslide restraining structure; solid restraining structure; discrete restraining structure;
stability coefficient; interaction zone
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