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DETERMINATION OF THE ISSUE CONCERNING
THE LIFT RESISTANCE FACTOR OF LIGHTWEIGHT CAR

Purpose. The analytical study of the connection between the longitudinal force, acting on the light-weight car,
lateral and vertical forces of interaction in the contact zone «wheel — rail» with the lift resistance factor value is to
provide a simple relationships between them. Methodology. Research was conducted by the method of mathemati-
cal modeling of loading the freight car when driving at different speeds on straight and curved sections of a track.
Findings. Even in the absence of «lift» accordingly the classical train stability theory, as the hinge-rod system, the
presence of the longitudinal compressive forces may become a factor provoking cars derailment. The main reason of
wheel climbing on rails is the combination of processes of dynamic interaction between the hunting vehicle and the
track with simultaneous action of longitudinal compressive forces, and not the destabilization of train as a hinged-
rod system. To assess the impact of the longitudinal forces value on the lift resistance factor there are presented the
calculation results for the empty gondola car motion, model No. 12-532, on 250 m radius curve with 150 mm rise
and cross starting of car underframe relating to the track axis in 50 mm guiding section. The calculations were made
in such a curve excluding the inertial forces from outstanding acceleration and taking into account the unbalanced
acceleration with the permissible speed of 65 km/h. Originality. This study provides the technique of determining
the lift resistance factor by longitudinal forces, which is somewhat different from the standard one, as well as evalu-
ates impact of rolling stock speed on this factor. Practical value. The authors clarify the current method of deter-
mining the lift resistance factor by longitudinal forces and assess the impact of rolling stock speed on the value of
this factor. From these studies one can conclude that because of cars hunting their lift is possible even when the train
as hinge-rod system does not lose stability. The developed proposals allow reducing the number of car derailment by
taking into account important parameters and characteristics during the process of calculation and design that in-
crease their stability in the rail track especially in case of increased speed of freight trains.

Keywords: traffic safety; rules for the calculation; car lift resistance factor; movement speed; lift resistance
factor

Introduction The main causes of accidents in locomotive
economy of railways of Ukraine are a combination
of car malfunctions and track condition, as well as
foot-plate staff’s actions leading to violations of
train driving modes.

The traffic accident analysis of the locomotive
facilities of Ukrainian railways for the period of

Traffic safety is a basic condition for normal
operation of the railways. Problems of traffic
safety of trains and shunting operations are the
main ones for the rail transport since it is hard to
completely avoid crashes and accidents occurring
due to car derailment [9].
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2008 — 2010 (Fig. 1) shows that most of accidents
are caused by the actions of foot-plate staff
(Fig. la) and freight traffic — freight electric
locomotives and diesel locomotives (Fig. 1 b)
[1, 16, 20].

Since the driving of freight trains results in
quite large longitudinal forces acting on cars, it
becomes important to conduct the research aimed
at identifying the causes of the situations in which
the cars might be lifted.
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Fig. 1. The histogram of traffic accidents caused
by locomotive facilities of Ukrainian railways:
a — causes of transport accidents; b — transport
accidents by type of rolling stock and traction

Increased safety of freight car traffic is one of
the priorities of the Ukrainian railways and it
represents a set of measures aimed at reducing the
likelihood of threat to life and health of passengers,
transported goods, as well as at the safety of infra-
structure and rolling stock of the railway transport,
environmental safety.

For effective training of specialists in such
a complex area as railway transport currently the
simulator complexes are widely used [10]. The
simulator is usually used for developing practical
skills, bringing them to automatism, especially for
modelling abnormal and emergency situations It is
important for a simulator to have a high-quality
mathematical model describing the longitudinal

dynamic processes in train and able to assess the
lift resistance of each car, since any discrepancy in
the actual situation involves inadequate response of
a locomotive driver when emergency situations
occur in real life [15, 21].

Purpose

To ensure the stability the limit values for cer-
tain indicators are set. These indicators determine
the conditions of rail top wheeling-in. One of such
conditions is the ratio of lateral and vertical forces
acting on the wheel. However, if the above indica-
tors exceed the permissible limits, it does not mean
that derailment will take place; it is the necessary
but not sufficient condition for the wheel running
off the rails [12].

When designing the new and upgrading the ex-
isting freight cars one of the mandatory conditions,
which determines their suitability for use, is the
fulfilment of conditions for ensuring the car resis-
tance factor against the lift caused by longitudinal
forces in the train.

The purpose of the analytical study of the rela-
tionship between the longitudinal force acting on
the lightweight car, lateral and vertical forces act-
ing in the contact area of the wheel flange and the
rail with the lift resistance factor value is to pro-
vide simple functional connections between them.

Methodology

Wheel stability against re-railing is determined
by two main factors: the ratio of the lateral interac-
tion force to the vertical load on a wheel and by the
angle of rail top side edge wheeling-in, which de-
pend on dynamic processes of vehicle movement
in the rail track and the longitudinal forces acting
on the car in train.

As a result of the use of certain driving modes
the train can evoke large longitudinal dynamic
forces both tensile and compressive ones. The ef-
fect of the action of the longitudinal forces is de-
fined by their direction and car position relative to
the neighbouring vehicles in coupling [2, 3, 7, 8].
When placing the cars at an angle to each other in
the plan, the transverse horizontal components of
the longitudinal forces appear; and in case of dif-
ference in height of their automatic couplings —
vertical components, which create additional load-
ing or off-loading of the respective wheels of the
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vehicle [3, 6, 13]. This has an effect on the value of
the lateral and vertical interaction forces, defining
the conditions necessary for rail top wheeling-in
[23, 24, 25].

Since the set of the cars with central automatic
couplings of shock-traction action is a multilink
hinge-rod circuit, the instability of equilibrium of
this mechanism depends on the location and char-
acteristics of the horizontal and vertical compo-
nents of the longitudinal forces [3]. The force, by
analogy with Euler static problem, corresponding
to hinge-rod circuit buckling moment, is called
buckling (Fig. 2). The calculated buckling forces
for freight cars occur the least ones when skewing
according to the diagram (a). Consequently, the
cars coaxially arranged on a straight track section
would not be out of alignment under the action of
compressive forces lower than the buckling one
[2, 3]. In fact, due to the meandering motion of
vehicles, track gaps, spring, axle and centre plate
arrangements, and for other reasons the cars almost
always have some oblique settings relating to each
other [2, 3, 6, 13].

Despite the fact that the theoretical studies
found that, when the compressive force value is
lower than the buckling value, the car lift should
not occur due to the stability loss of the train as
a hinged-rod system, the practice shows that the
train derailments occur even at lower values of the
longitudinal forces. This is particularly evident for
the trains with empty cars, which are characterized

FL

by intense hunting in the operational speed range.
Therefore, apart from the train longitudinal stabil-
ity as a hinged-rod system, for the speeds above
the critical speed of hunting, in the presence of the
longitudinal compressive forces one must consider
longitudinal and transverse stability of the motion
of the train cars [18, 19].

It should be noted that the presence of longitu-
dinal forces not only leads to an increased hunting,
but also helps to reduce the vertical loads in the
wheel-rail system, that is to reduce the forces that
prevent rail top wheeling-in, as well as to a greater
turn of carriages with increased angle of rail
wheeling-in. In such situations, the rail top wheel-
ing-in resistance is seen not as a direct result of the
high value of the longitudinal force, but as a result
of intense vibrations of the hunting vehicle. This is
particularly evident in the area of transition curves,
characterized by additional perturbations of impact
nature [2, 3, 6-8].

Let’s consider the car motion in a curve, where
there are different on both sides of the car cant an-
gles of rigid rods (bodies) to the track plane ¢, and
¢, the angles of coupling rotation with respect to
the track axis yjand y,, and the car rotation within
the gap in the track at an angle w. Herewith the car
is set in the track under the diagram (a) — «herring-
bone» and is subjected to the action of longitudinal
compressive forces. We introduce a number of as-
sumptions, simplifying the problem [6].

hl‘ Ill|'I|I|_'

-

————ree

Fig. 2. Design diagram of the train and oblique settings of its elements in the plan
under the action of longitudinal compressive forces
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Fig. 3. The forces acting on the car

Fig. 3, all the forces acting on the car are de-
signed on the track plane, as well as the planes
perpendicular to it — the longitudinal, relative to
the track, and the cross axis.

Where G, —weight of the car body, kN; P, — cen-
trifugal force, kN;

2
py =2t (M)
g R
P, —centripetal force, kN;
P,=G,-a, 2)

o. — track inclination angle towards the horizontal,
rad; N, and N, —longitudinal forces acting in a car
coupler, kN; Z; and Z, — vertical components of the
longitudinal force, kN;

A
Z=N-9, ¢ =7

3

y 3)
A

Z,=N-¢,, (p2=_2; “4)
2a

2a — the distance between the centres of the cotter
hole of automatic coupling, m; A; — axe level dif-
ference of automatic couplings in front of the car,

m; A, — axe level difference of automatic couplings
behind the car, m;

YY=N-y,, L,=N-y,; (5)
Y, and Y, — horizontal lateral components of the
longitudinal force, kN;

Since the angles ¢, and ¢,, v, and y, are rather

small, then:

X, =X,=N. (6)

X; and X, — horizontal longitudinal components of
the longitudinal force, kN.

Assuming that the turning angles of all cars in
a curve are equal, we find:

3y
=0 7
V=, )
8 -L L,
= +—=, 8
\ 2a-l R ()
8 -L L,
* 2a-¢ R ©)

In view of the elastic transverse deformation of
the bogie spring sets the formulas (7, 8, 9) take the
following form:
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S -L L) 2L
A l+—=[+—==], 10
X{ ? [ aj R } (10)

XFO;L -(1+£)+ 2LC]£—£; (12)
4 a R | al R

where 2L, — car coupled length, m; 2¢ — truck-
centre spacing, m; R — curve radius, m; 20, — total
cross-run play of the car body frame relative to the
track axis in the run section, m; L — horizontal dis-
tance from the car axis to the cotter hole centre of
automatic coupling, m; a — coupler casting length
(from the axis of coupling to the end of the shank),
m; C, — horizontal stiffness of the spring suspen-
sion of a bogie, kKN/m.

The vertical components of support reactions
are indicated in Fig. 3 as R1, R2, R3, R4, the hori-
zontal components of the reactions belonging to
the same bogie are taken equal to each other (the

assumption is made about the equality of the hori-
zontal lateral stiffness of spring group on one bo-
gie) and denoted H; and H,.

Having formed the equations of equilibrium
and compatibility of vertical displacements (verti-
cal stiffness of all the spring sets are equal, and the
car frame is absolutely rigid), we determine the
reactions of the supports:

L L
et 13
?, %[zj@zbj )
G,
G N, N
RIS
C | h
X— — + L )
(i) v bt
G N )
G N, N
2Ty TPy
G, h
e Gk , 15
(\V1 2) 2 gp .
Hy = N/4x
i L
X dZ i1 lv0 12214202
((pl [ ) 0, (E j (p EJ
+G0- un’ (16)
2g

Fig. 4. Car layout on a curved track section under the action
of longitudinal compressive forces
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Where 25 — distance between the points of applica-
tion of the vertical forces acting on the journal box
of the wheel pair on the climbing and non-climbing
wheel respectively, kN; 4 — height of the car body
centre of gravity over the bolster supporting plane,
m; ¢ — vertical distance from the top plane of the
central spring set to the coupling axis level, m; ay,
— unbalanced acceleration, m/s*; g — gravity accel-
eration, m/s>.

Having considered the balance of non-sprig
part of the bogie, we can find vertical P;, P, and
the horizontal force Hyacting on the wheel pair:

R=242, (17)
Pz=% % (18)
Hf=H1+i-aun. (19)
2g
G, N ha
car Z?O‘FTg"'E'{(‘H _WZ).E_((pl _(pZ)'

A

L
l

Having considered the balance conditions of a
single wheel pair, we get [6, 22]:
>Z=R+P+G,,-N,-P, =0
D> M=N,-28-G,, -S+P-b -
P -by+H,; hy, =0

dY=P -H,—p-N,=0

(20)

Where /s — height from the rail level to the top
plane of the central spring set, m; Gy, — weight of
the wheel pair, kN; H; — frame force acting on the
wheel pair, kN; u — coefficient of flange friction
against the rail top fillet.

Solving the system of linear equations we de-
termine the vertical and lateral cross reactions of
rail to the climbing wheel:

'_S_((P1_(P2)'§+(\V1+W2+2\V)' E-Sh's}’ (21)
2b

h 4

A

R

2s

Fig. 5. Calculation diagram of forces acting on the bogie
as a result of longitudinal compression
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P=p| 2+ |+ , (22)
8 4 8 L hy,
+(y +y, +2y) = 2—p-
4 S
K, = gh-p
1+p-1gP
h, b L L-h
P, +N- Ay~ (0, +9,) —+AQ |+ (y, +y, +2y) ——1= 23
] {\v g S{((PI ), @} (Wi +w, +2y) f-s} (23)
h b L L h
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Where P, =G, +2G, - kN;

Ay =y, —y, — difference between the swivel an-

car weight,

gles of couplings against the track axis in front of
and behind the car, rad.
If it is necessary to take into account inertia

I _
Ky, =tgp—n/l+n-1gp-F,+ P,

P, =(G,+2-G,,):

Using analytical expressions for determining
angles (10, 11, 12), we write the obtained depend-

_ DSt
— “car

L,

C

r

28,-S  a-l

] N2 \VZ
P=npu P +—. |2 |2_y4-
b p car C |:260 ( u

r

Where P, — static weight of car in view of
unloading by longitudinal force, kN;
Py =Py—N-0,, (28)
w, — rotation angle, rad;
W, =8y L/ (1+Lfa). (29)
W — Totation angle from the curve, rad;
Ve =L./R. (30)

N2 |:\V2 'hhs _’_\chr'L(h_
S

%}r—w“‘"i 2-(1+
S a-t

forces in the curve, the vertical (21) and the lateral
(22) reactions of the rail on the climbing wheel are
added to the inertia forces caused by unbalanced
acceleration:

h
-;/1’6+11H-(2—u-hu/s), (24)
aun :Pcar . aun . (25)
g 8

ences for the vertical (21) and the lateral (22) reac-
tions of the rail on the climbing wheel as follows:

h

+N-|2 =4+

K Sji| |:\chr S “Va
a} (ka a hhsj
‘ S ¢S
h h

AN 2y, | 2L [y, | 2L (27

{w( MSJ wu( u Sﬂ 27)

Substituting the expressions (26) and (27) into the
formula (24) we can obtain the dependence similar to
that described in [6], excluding (31) and taking into
account the inertial forces in a curve (32). In addition,
we recall dependence for determining the longitudi-
nal forces lift resistance factor excluding (33) and
taking into account the inertial forces in a curve (34)
which has been studied in [11].

+£% .hhs

gl

(26)
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Where P, — car weight, kN; P;, — car inertial
force, kN; P, — vertical load by bogie, which takes
into account off-loading under the longitudinal
force, kN; N — longitudinal force on automatic
coupling during the car compression, kN; 2L, —
coupled length, m; 2 — car length over head stock,
m; 2¢ — truck-centre spacing, m; /., — height of the
centre plate working plane above the rail top, m;
hys — height of the spring set top above the rail top,
m; A, - height of the coupling axis above the rail
top, m; /. — height of the car gravity centre above
the rail top, m. 2b — distance between the points of
application of the vertical forces acting on the
journal box of the wheel pair on the climbing and
non-climbing wheel respectively, kN; 2§ — dis-
tance between the taping lines, m; R — curve ra-
dius, m; 2d, — total cross-run play of the car body
frame relative to the track axis in the run section,

h W]
T L Ty - N I DT
n 25) A ( n 25}

m; a — coupler casting length (from the axis of
coupling to the end of the shank), m; u — coeffi-
cient of flange friction against the rail top fillet; 5 —
angle formed by the straight part of the wheel
flange profile contour to the track plane; a,, — un-
balanced acceleration, m/s*; a and y — coefficients
taking into account the effect of longitudinal buck-
ling forces, leading to a relative imbalance of cars
and the coupling axes in the plan.

Findings

To assess the impact of the longitudinal forces
value on the lift resistance factor Fig. 6 presents
the calculation results for the empty gondola car
motion, model No. 12-532, on 250 m radius curve
with 150 mm rise and cross starting of car under-
frame relating to the track axis in 50 mm guiding
section [12]. The calculations were made in such
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a curve excluding the inertial forces from out- forces, in case of which the lift is impossible.
standing acceleration and taking into account the Therefore, as noted previously [3] and as follows
unbalanced acceleration with the permissible speed  from Fig. 6, the impact of the car speed on the lon-

of 65 km/h [14, 17]. gitudinal force lift resistance factor can be ne-
Fig. 6 shows the calculation results for lift re- glected.
sistance factor of the empty car depending on the Fig. 7 shows the dependence of the lift resis-

value of longitudinal forces caused by the tance factor obtained using 2 different design dia-
neighbouring cars with the difference in coupling grams. The dotted line corresponds to the design
heights of 100 mm. The horizontal lines show the diagram, which takes into account the loss of sta-
allowable value of the lift resistance factor (1.2  bility of the train, as the hinge-rod system [6]. The
[12]) and the value of this factor (1.0), which pro- solid line — to calculation diagram, shown in Fig. 3.
vides the necessary condition for instability. This figure proves that, according to the results

The diagrams in Fig. 6 show that the car speed obtained from the formula (33), the lift resistance
has some significant impact on the lift resistance is not provided at the force 605 kN and by the for-
factor value only at small values of the longitudinal mula (31) — even at the force 530 kN.
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Fig. 6. Dependence diagram of lift resistance factor from longitudinal force:
1 — (33) without inertia force; 2 — (34) taking into account the inertia force by unbalanced acceleration;
3 —(31) without inertia force; 4 — (32) taking into account the inertia force by unbalanced acceleration
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Fig. 7. Dependence diagram of lift resistance factor for different design schemes:
solid line — (31), dotted line — (33)
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A necessary condition for the loss of stability is
fulfilled, in the first case, when the value of the
longitudinal force is 800 kN, in the second case —
695 kN. Thus the results obtained by the formula
(31) impose more stringent requirements to ensure
the car lift resistance.

As it is known, the lowest values of the lift re-
sistance factor are peculiar to the cars with small
coupled length, truck-centre spacing and unladen
weight. In future, the comparative analysis is made
only for this category of freight cars [4, 5]. The
calculations were performed according to the de-
pendencies (31) and (33) — excluding the inertial
forces by unbalanced acceleration, and according
to the dependencies (32) and (34) — taking into ac-
count the inertial forces by unbalanced acceleration
when driving with permitted speed [17]. The re-
sults are summarized in Table 1-5.

Table 1

The lift resistance factors for gondolas

Table 4

The lift resistance factors for hopper cars

Formula No Hopper car types
11-715 19-1217 20-4078
Standards 1.349 1.564 1.455
[10]
Formula (31) 1.198 1.289 1.305
Table 5

The lift resistance factors for platforms

Formula No Platform types
13- 13-1798 13-3103-01
1796
Standards 1.472 1.410 1.415
[10]
Formula (31) 1.342 1.279 1.273

Formula No Covered car types
12-1505 | 12-5326 12-2122-01
Standards 1.367 1.399 1.360
[10]
Formula 1.223 1.264 1.223
€2y
Table 2
The lift resistance factors for tank cars
Formula No Tank-car types
15-145 15-869 15-1548
Standards 1.597 1.647 1.423
[10]
Formula (31) 1.459 1.524 1.277
Table 3

The lift resistance factors for covered cars

Formula No Covered car types
11-N002 11-066 10-475
Standards 1.315 1,492 1.642
[10]
Formula (31) 1.17 1.357 1.513

The results of calculations in Tables 1-5 show
that for all the above cars the values of the lift re-
sistance factor obtained by the proposed formula
(31) are smaller than the standards [12]. And for
some cars the value K. is lower than the permissi-
ble value.

It follows that, even in the absence of «lift» ac-
cording to the classical train stability theory, as the
hinge-rod system, the presence of the longitudinal
compressive forces may become a factor provok-
ing cars derailment. Thus the main reason of wheel
climbing on rails is the combination of processes
of dynamic interaction between the hunting vehicle
and the track with simultaneous action of longitu-
dinal compressive forces, and not the destabiliza-
tion of train as a hinged-rod system.

Originality and practical value

This study provides the technique of determin-
ing the lift resistance factor by longitudinal forces,
which is somewhat different from the above men-
tioned one [3, 6], as well as evaluates impact of
rolling stock speed on this factor. The developed
proposals for the refinement of existing methods
for determining the resistance factor of the car lift
by longitudinal force will increase the stability
margin.

The research results have found their scientific
use in a number of publications in the special and
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scientific journals, presentations at scientific meet-
ings.

Conclusions

As a result of analytical research there are ob-
tained the dependencies of longitudinal forced lift
resistance factor in the train with and without con-
sideration of the speed of its movement. It is
shown that as the value of this factor gets closer to
the buckling area the influence of speed decreases.

From these studies one can conclude that be-
cause of cars hunting their lift is possible even
when the train as hinge-rod system does not lose
stability.

Thus, the calculation results allow an objective
assessment of the effect of the longitudinal force
and the freight car speed on the lift resistance fac-
tor value.
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JIO MUTAHHS BUSHAYEHHS KOE®IIIEHTA 3AIMMACY CTIHKOCTI
BII BUMABJIIOBAHHA JIETKOBATI'OBUX BAI'OHIB

Meta. AHanmiTHYHE TOCIIIKEHHS 3B’ SI3Ky MUK ITO30BKHBOIO CHJIOIO, IO JTi€ Ha JIETKOBAaroBUil BaroH, O14HUMHU

W BEpTUKaJIBHIUMU CHJIaMH B3a€MOJIT B 30HI KOHTaKTy KOJIeca Ta PEHKH 3 BEJIMUMHOIO KoedillieHTa 3armacy CTiiKoCTi
BiJl BHUYABJIIOBAHHs, Iependadac OTPUMAHHS MPOCTHX 3alle)KHOCTEH MiK Humu. Mertommka. JlocimimKeHHs
MIPOBOAMIIOCS METOJOM MAaTEMaTH4YHOTO MOJICTIOBAHHS HABAaHTAXKEHOCTI BAHTAKHOTO BaroHa IIPH PYCi 3 PI3HUMH
MIBUAKOCTSMH T10 NMPSIMUX Ta KPUBHX IUITHKax HUiXy. PesyabraTn. HaBitTh 3a BifICYTHOCTI «BHYaBIIOBaHHS» 3a
KJIACUYHOIO Teopii CTIMKOCTI MOi3/a, SIK HIapHIPHO-CTPHXKHEBOI CUCTEMH, HASBHICTh MO3/IOBXKHIX CTHCKAIOUMX CHJI
MOXe CcTath (pakTopoM, TMPOBOKYIOUUM CXif BaroHiB. OCHOBHOIO TPHYMHOIO BIIOB3aHHS Kolleca Ha peiKy
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€ TOETHAHHS TPOLECIB MUHAMIYHOI B3aEMOJIi BWISHHS €Kima)ka Ta KOJIIi 3 OJHOYACHOI JI€I0 TO3J0BXKHIX
CTHCKAIOUMX CHWJI, @ HE IMOPYIIEHHs CTIMKOCTI Imoi3la SIK MIapHIPHO-CTPHXKHEBOI cucTeMH. [l OLIHKM BIUIMBY
BEJIMYMHHM TTO3/I0BXKHIX CHJI Ha KOe(il[IEHT 3aracy CTIMKOCTI BiJl BUYaBIIOBaHHS HaBe/IEHI pe3ybTaTH PO3PaxyHKiB
PYXy HOpo>kHbOTO TiBBaroHa mozeii Ne 12-532 no kpusiii pagiycom 250 M 3 mignecennsm 150 MM it nonepeynnm
PO3rOHOM paMy Ky30Ba BaroHa LIOAO OCi Koumii B HarpasistodoMy nepetuti B 50 MM. Po3paxyHku mpoBoauiucs
B Takiii KpuBiii 6e3 ypaxyBaHHs CHJI iHEpLii BiJ| HEMOTralIEHOrO MPUCKOPEHHs Ta 3 YpaxyBaHHSIM HENOTaIIeHOTo
MPUCKOPEHHS TPH IOMYCTUMIA MIBUAKOCTI pyXy, piBHiM 65 kM/ron. HaykoBa HoBH3HA. Y NaHOMY JOCIiIKCHHI
HaBE/ICHO METOIUKY BHW3HAYCHHS KoeQillieHTa 3amacy CTIMKOCTI BiJi BUUABIIOBAHHS IMO3JOBXHIMH CHIIAMH, SKa
JIeI0 BIAPI3HIETHCS Bifl 3arajbHONPHUUHSITOI, a TAKOXK OLIHIOETHCS BIUIMB Ha Iel KOE(DILIEHT MIBHIKOCTI PyXy
pyxomoro ckinany. IIpakTHyHa 3Ha4YMMicTh. ABTOpaMHM YTOYHIOETBCS ICHYIOUa METOJMKA BHU3HAYCHHS
KoedirieHTa 3amacy CTIMKOCTI BiJf BUMABIIOBaHHA ITO3JI0BXHIMH CHJIAMH, @ TAKOXK OLIHIOETHCS BIUTUB Ha BEINIUHY
I[LOTO KOe(QillieHTa MBUAKOCTI PYXY PYXOMOI0O CKJIaAy. 3 MPOBEACHUX TOCITIKCHb BUIUIUBAE, IO YePe3 BIJITHHS
BaroHiB iX BUKUMaHHsI MOXKIIMBO HaBITh TOJI, KOJIU MO13]1, K LIAPHIPHO-CTPHIKHEBA CUCTEMA, HE BTPAYa€ CTIMKOCTI.
Po3pobiieni mpomo3uuii J03BOJISAIOTH 3HM3UTH KUIBKICTh CXOZIB BaroHiB i3 peloK 3a paxyHOK OOJIKy mnpu
pO3paxyHKax Ta HPOEKTYBaHHI BaXJIMBHX MapaMeTpiB i XapaKTEPUCTHK, IO MiABUIIYIOTh iX CTIHKICTb B peHKOBIH
KoJI1iT (0cOOJIMBO TIpH 30UIBIIEHH] IIBUIKOCTEH PyXy BaHTQKHHX IOT3/1iB).

Kiouosi crosa: 6e3neka pyxy; HOpMH JJIsl pO3PaXyHKY; CTIHKICTh BarOHIB BiJl BUYABIIOBAHHS, IBUIKICTh PyXY;
KOE(QIIEHT CTIHKOCTI

A. A. IIBEI", K. U. )KEJIE3HOB*", A. C. AKVJIOB*', A. H. 3ABOJIOTHBII",
E. B. YABAHIOK®®

"CKTB MCVB, JlHenponeTpoBCKUii HAlIMOHAJIBHBIH YHUBEPCUTET JKEJIE3HOJOPOKHOIO TPAHCIIOPTA UMEHH aKaJeMHKa

B. Jlazapsina, yi. Jlazapsina, 2, [TnenponerpoBck, Ykpauna, 49010, ten. +38 (050) 214 14 19, an. nouta angela_shvets@ua.fim,
ORCID 0000-0002-8469-3902

*CKTB MCVB, JlHenponeTpoBCKUi HAIIMOHAJIBHBIA YHUBEPCUTET JKEJIE€3HOJOPOKHOIO TPAHCIIOPTA UMEHH aKaJeMHKa

B. Jlazapsmna, yi. JlazapsHa, 2, [lHenponeTpoBck, Ykpauna, 49010, ten. +38 (095) 545 38 87, am. moura constantinz@i.ua,
ORCID 0000-0003-3648-1769

**CKTB MCYB, JlHenponeTpoBckuii HAIMOHAIBHBIM YHUBEPCUTET JKEJIE3HOAOPOKHOIO TPAHCIIOPTa UMCHHU aKaJIeMHKa

B. JlazapsiHa, yn. Jlazapsna, 2, JluenponerpoBck, Ykpauna, 49010, Ten. +38 (067) 178 16 90, an. noura asakulov@gmail.com,
ORCID 0000-0002-6123-5431

#CKTB MCVB, JlHenponeTpoBCKUii HAlIMOHAJIBHBIH YHUBEPCUTET JKEJIE3HOJOPOKHOIO TPAHCIIOPTA UMEHH aKaJeMHKa

B. JlazapsiHa, yn. JIazapsna, 2, J{luenponerpoBck, Ykpauna, 49010, Ten. +38 (067) 282 13 41, sn. moura zabolotnyi@i.ua,
ORCID 0000-0003-1651-7082

>*CKTB MCVB, JlHenponeTpoBCKUii HAMOHANIBHBIM YHUBEPCUTET JKEIE3HOAOPOKHOIO TPAHCIIOPTa UIMCHHU aKaJleMUKa

B. Jlazapsna, yn. JIazapsina, 2, JlHenponeTpoBck, YkpanHna, 49010, ten. +38 (066) 633 55 95, an. moura 457m@ukr.net,
ORCID 0000-0001-5695-5955

K BOITPOCY OITPEAEJIEHUA KOOOOUIINEHTA 3AITACA
YCTOUUYUBOCTHU OT BBIZKKUMAHUA JETKOBECHBIX BATOHOB

Ieab. AHAIMTUYECKOE UCCIIEN0BAHUE CBSI3U MEXIY MPOJOJIBHON CUIION, NEHCTBYIOIIEH Ha JIETKOBECHBIN BaroH,
OOKOBBIMH W BEpPTHKAJIHFHBIMH CHJIAMH B3aWMOJICHCTBHS B 30HE KOHTaKTa KOJleca M pelbca C BEIWYHHOU
Kod(dunreHTa 3amaca yCTOMYMBOCTH OT BBDKMMAHHMSA, MIPEAIOJIAaraeT IMOyYeHHe MPOCTHIX 3aBUCHMOCTEH MEXIy
Humu. Mertoauka. VcciaenoBanne MPOBOIWIOCH METOIOM MAaTEMAaTHYECKOTO MOJESIHMPOBAHHS HArpy>KEHHOCTH
I'Py30BOr'0 BaroHa Ipy JABUKEHUU C PA3JIMYHBIMU CKOPOCTSIMHU 110 IIPSIMBIM U KPUBBIM ydacTKaM IIyTH. Pe3yabrarThl.
Jlaxke TpM OTCYTCTBMM «BBDKMMAHHS» IO KIJIACCHYECKOW TEOPUM YCTOMUMBOCTH T0€3/1a, KaK IapHUPHO-
CTep)KﬂeBOﬁ CHUCTEMbI, HAJIUYUC HpOJIOJ'lele CXKUMAKIINX CUJI MOXKET CTAaThb q)aKTopOM, HpOBOHMpy}O[ﬂMM cXonq
BaroHoB. OCHOBHOHM MPUYMHOI BCIOJ3aHUs KOJIECa Ha PEJbC SIBJISETCS COYETaHHWE MPOLIECCOB AMHAMUYECKOTO
B3aUMOJICHCTBUS BUISAIOLIETO SKUMAXa U MYyTH C OJHOBPEMEHHBIM ACHCTBHEM MNPOAOIBHBIX CHKUMAIOUIUX CHIL,
a He HapylleHUEe YCTOMYUBOCTH MMOe3[a KaK IIapHUPHO-CTEP:KHEBOM cUCTeMbl. [[Jisi OLIEHKU BIMSHUS BEITUYHHBI
MPOAOJBEHBIX CHJI HAa KOX(QHIMEHT 3amaca YCTOHYMBOCTH OT BBDKMMAHHS IPUBEACHBI PE3yNbTaTHl PACUETOB
IIBIDKEHUST MTOpOXKHero ToiyBaroHa mozenu Ne 12-532 mo kpuBoit paamycoMm 250 M ¢ Bo3BbimeHHeM 150 MM
U TIOTIEPEYHBIM pa30eroM pambl Ky30Ba BaroHa OTHOCHTENFHO OCH ITyTH B HAIIPABIAIOMIEM cedeHHH B 50 MM.
PacdeTsl mpoM3BOMMINCE B TaKOH KpHBOIl 0€3 ydeTa CHJI MHEPIHHM OT HENOTAIICHHOTO YCKOPEHHS U C YIETOM
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HETOTrallleHHOTO YCKOPEHUS IPH JOIYyCTUMOM CKOPOCTH JBIKEHUs paBHOI 65 kv/4. Hayunas HoBu3na. B nanHOM
WCCJIEOBAaHUM TPHUBEAECHA METOJMKa OIpeAeieHuss Kod(h(uuueHTa 3amaca YCTOHYMBOCTH OT BBDKHMAaHUS
NPOJIOJBHBIMU CHJIaMH, HECKOJIBKO OTJIMYAIOIIAsiCsi OT OOIIEHPUHATON, a TaKkKe OLEHMBAETCS BIMSHHE HAa JTOT
KO3(h(PUIMEHT CKOPOCTH ABMXXEHHsI MOABIKHOTO cocraBa. IIpakTHyeckasi 3Ha4MMOCTb. ABTOpaMH YTOYHSIETCS
CYLIECTBYIOIIAsi METOAMKA ompexaeneHus KodduiueHta 3amaca yCTOWYMBOCTH OT BBDKHMAaHHS IPOJOJIBHBIMHU
CHJIaMH{, a TaKKe OLEHWBACTCS BIUSHUE HA BEJIMYUHY 3TOr0 KOA(QHIMEHTa CKOPOCTH IBHXXCHUS ITOJIBH)KHOTO
cocraBa. 13 mpoBeeHHBIX UCCIENOBAaHUN CIEQYET, YTO M3-3a BUJISIHHSA BarOHOB MX BBDKHMMAHUE BO3MOXKHO Jaxe
TOT/1a, KOT/Ia MOe3]] KaK MIapHUPHO-CTEP KHEBAs CHCTEMa HE TepsieT YCTOHUMBOCTH. Pa3paboTaHHbIE MpeUIoKeHNS
MO3BOJISAIOT CHH3MTh KOJNHMYECTBO CXOJOB BaroHOB C PEJIBCOB 3a CYET ydeTa IPU pacyeTax U NPOEKTHPOBAHUH
Ba)XHBIX IAPAMETPOB M XapaKTEPUCTHK, MOBBIIIAIOMNX MX YCTOWYMBOCTh B PENbCOBOW Kojee (OCOOCHHO NpH
YBEIIMUYECHUHN CKOPOCTEN IBMIKCHHUS TPY30BBIX ITOE3/I0B).

Kniouegvie cnosa: 6€30macHOCTb JBWKEHMS; HOPMBI ISl PacdeTa; YCTOHYMBOCTH BAaroHOB OT BBDKHMAHUS;
CKOPOCTD JIBIKEHHST; KOADGHULUEHT YCTOHYMBOCTH
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