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Poszpoonenuil xomnaexchuil memoo nioeu-
WEHHST MePMINY CAYHCOU XPecmosun cmpinou-
HUX nepesooie, w0 0A3ycmMobCA HA 6PAXYBAHHI
n03006CHb020 NPOPINI0 XPECMOBUHU, BENUNUHY
QUHAMIMHUX CUJL MA HOPMATLHUX HANPYIHCEHD.

Yoocronaneno no30oescniu npoinwe xpecmo-
eunu mapxu 1/11 npoexmy 1740 memodom eu-
KOHAHHA HANJLABKU Y NOJIbOBUX YMOBAX eKC-
nayamauii. Ykaouu mpaexmopii nicas npoxo-
0y cepeonvbOCMamuunoz20 Kojeca 3anponoHoéa-
Hum npogpinem caearomo 3,7 %o, 3amicmo 10 %o
Y 3a600CvK020 nPoinio xpecmosunu.

Bcmanogaeno, wo 30ivuenns Hasanmaicet-
HA Ha xpecmosuny do 60 % 3a paxynokx npocao-
Ku nio 6pycom xpecmosunu npuzeo0ums 00 npu-
CKOpen020 po3NaoHaHHs XPeCMOBUHU, HACI00K
BUHUKHEHHA 6MOMHUX Oeexmie HaA NOGEPXHI
KOUeHHS, NPU YbOMY GUMPAMU HA EKCRAYAMAUII0
Xpecmosunu 30iTbuy1omsvCs y n’amo pasie.

IIposedeno moodemosanmns Ounaminnoi 6sae-
MOOii pyxomozo ckaady i3 3a800CLKUM Ma 3anpo-
NOHOBAHUM NO300BHCHIMU NPODIAAMU XPECTOBUH.
Pospaxynuxu ounamivnux npouecié Heminiunoi
83A€MO01i pYXOM020 CKNA0Y 3AZHUUD 13 XPeCmOo-
6UNHO10 3A600CbK020 NPodinio i npodino 6ioHos-
JIeH020 HANNABKOI0 NOKA3AIU, WO BeJIUMUHA CUJTL
Y 3anpononosaniii xpecmosuni npu weuoKocmi
pyxy 150 km/200 € na 50 % HudxHcuoro nopieHsaHo i3
3a600cvKuM n03006xcHim npodinem. Ipu niniii-
HOMY MOOen106anti OuHamMivHux 000a60x cuJ
BENUMUHA CUTL 3MEHUYEMBCSL Y 3ANPONOHOBAH020
npogpinio do 30 %.

Pospaxosano epadivnum memodom eeaunu-
HU 0CbOBUX MOMEHMI8 iHepuyii ma MomeHmis
0nopy Yy XapaxmepHux nepepizax xpecmoeuHu.
IIposedeno ouinky nanpyoiceno-oedopmosano-
20 cmany XpecmoeuHu i3 BUKOPUCMAHHAM PiG-
HAHbL N AMu MOMeHMi8 011 Hepo3Pi3Hoi 0aaKu
Ha npyxicHux mouxosux onopax. Bcmanosaeno,
WO HANPYICEHHA NPU CIMAMUUHOMY POIPAXYHKY
Xpecmosunu € HeUCOKUMU i Habazamo meHuiu-
MU 3G 2PAHUMHO 0ONYCMUMY BEAUUUHY HANPY-
scenv 0ns 0anoi mapxu cmani. Tomy modxncna
cmeepodcyeamu, wo Xpecmosuna npauroe nio
HABAHMANCEHHAM 3A PAXYHOK GUKOPUCMAHHSA
HAsA6HUX pe3epe8ie MiUHOCMI

Kmouosi cnoea: xpecmoeuna, cmpinounuii
nepegio, pyxomuil ka0 3aaizHulb, n063006Jc-
Hill npopiae, ounamiuni cunu
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1. Introduction

of the Central Directorate of the Ministry of Railroads (TDB

The railroads of Ukraine currently operate more than
53 thousand railroad switches and fixed crossings. Most of
them (98 %) are single regular railroad switches. Basic struc-
tures of railroad switches, which are common on the railroads
of Ukrzaliznytsia after 1990, are the switches of type R65
M1/11 and 1/9, designed at the Technology Design Bureau

CD MR), projects 1740 and 2215, laid on reinforced concrete
bars. These basic models of switches have been significantly
modified. Modifications included the structural components
of the frog, fixing, or counter-rail. The main geometrical di-
mensions of the frogs, however, have remained unchanged.
Since the beginning of 2000, given the requirements to
the railroads of Ukrzaliznytsia related to accelerating the




speed of freight and passenger trains, there has been a mis-
match between the existing structures of the upper structure
of the track and the new conditions of operation. The result
of a comprehensive analysis of the state of the railroad faci-
lities of Ukrzaliznytsia, it was found that the speed potential
of railroad switches was insufficient for the implementation
of the accelerated motion of trains. A growth in the freight
load, increases in the speed of motion and in the axial loads,
resulted in the reduced lifetime of crossing pieces. Failures of
frogs have grown, caused by both wear and defects. In this
case, a large proportion of crossing pieces were removed from
tracks as a result of the formation of defects of the contact-fa-
tigue character.

The organization of high-speed train motion on railroads
requires the mandatory improvement and optimization of
parameters of railroad switches [1]. They necessitate limi-
ting the speed of train motion at stations to not faster than
120 km/h (when using conventional designs of switches with
composite or one-piece cast crossing pieces). Therefore, it
is not possible to implement high speeds of trains between
stations (up to 160+200 km/h) without resolving a task on
increasing the speed of train motion at the railroad switches
at stations [1].

Design features of railroad switches and crossing pieces
create irregularities along the path of rolling wheels both in
the vertical and horizontal planes. A length-wise and width-
wise change in the design of a frog also changes a railroad
track width, the rigidity of rail threads and the under-rail
base under them. All this creates additional dynamic forces,
which in some cases are of the impact character. They lead
to the more rapid wear of metallic parts in railroad switches,
consequently to the accumulation of residual deformations;
they, therefore, require larger expenditures to maintain and
repair.

The enhanced level of force interaction between bearing
elements of a railroad switch and the motion parts of the
rolling stock is one of the most important features in the
operation of railroad switches. Thus, the magnitudes of dy-
namic forces of interaction at railroad switches can exceed
by several times the level of dynamic forces along a regular
track. These forces can cause premature failures and break-
down of structures. In the case of inconsistency between
their capacity and operational loads or, vice versa, at the
oversized capacity and rigidity of structures, there will occur
the increased wear and failures of the rolling stock [2].

This in turn calls for increased requirements to railroad
switches in terms of their strength, stability, reliability and
longevity.

Therefore, the design of railroad switches in general,
and separate components in particular, should always meet
the requirements of operation and ensure the safety of train
motion at established speeds. Designs of railroad switches
must take into consideration operating conditions that are
constantly changing, implement the modern achievements
by domestic and foreign science and technology, and must
match the level of world standards.

Studies [1, 2] established that the main driving factor
that determines the formation of inertial forces of the un-
sprung masses is the vertical irregularity at the rolling sur-
face zone of the crossing piece.

It is the characteristics of a given vertical irregularity
for the system «track-carriage» that actually determine the
level of dynamic force interaction between the rolling stock
wheels and a track.

The formation of irregularities in the zone of grooved
crossing pieces is known to be related, first, to the conditions
under which the wheels roll from a rail wing to the core (or
vice versa), which is accompanied by the transfer of pressure
from the wheels to small contact areas of the rail wing and
core. That is why at the section of rolling from a rail wing to
a core (or vice versa), these elements undergo the most inten-
sive wear. Work of the upper layers of metal is accompanied
by the plastic deformations of creasing or flattening. Due to
the high contact pressure, this zone accumulates defects of
the contact character.

The facts that we specified indicate the need to intensify
work in the field of extending the operation time of crossing
pieces, increasing their wear resistance, as well as their resis-
tance to defect formation.

2. Literature review and problem statement

The task on prolonging the operation time of frogs is
addressed by many scientists at various research institutes
in Ukraine and at leading research institutes of Germany, the
Netherlands, France, and the Russian Federation. The task
on prolonging the operation time of crossing pieces at rail-
road switches has been solved and is being solved at present
in various ways. The most progressive methods to prolong
a frog life cycle include:

— improvement of the existing designs and development
of the new designs of frogs;

— improvement of the technology and the search for ef-
fective regulating additions and new grades of steels for the
manufacture of frogs;

— strengthening of the frog rolling surface;

— improving the system of maintaining the rail equip-
ment and development of the new methods, as well as im-
provement of the already existing methods, for restoring the
frogs.

The improvement of existing designs, as well as the deve-
lopment of new designs, of crossing pieces at railroad switches
imply the creation of a monolithic design of the frog. The first
stage of this work was a transition from the rail-composite to
the composite frogs of the one-piece cast type of core with
a greater wear area of the rail wings parts. Recent years have
seen the development of projects of one-piece cast frogs of
brand 1/11 and 1/18, which are recommended for use at train
running speeds up to 160 km/h [2].

Building a more monolithic design of the frog improves
the performance and increases the resistance to dynamic
and vibratory loads. That thereby significantly improves the
operational characteristics of frogs and prolongs their service
life, especially at high speeds of train motion. One-piece cast
frogs have been widely used at the railroads of France and the
United States [3].

The most promising direction in the development of frog
design is constructing the frogs with a continuous rolling
surface, that is, with movable elements. Such crossing pieces
were laid at the roads of France. Later, the frog designs with
movable elements were tested in Russia, the United States,
France, Austria, Japan, Germany, England, and other coun-
tries [3]. Most of the examined structures had significant
drawbacks, which is why they were discontinued. The best
operational characteristics among all designs of frogs with
movable elements were demonstrated by crossing pieces
with a movable core. They are much better at satisfying



the requirements to frogs at running speeds of trains up to
200 km/h in the forward direction [3]. This circumstance
explains a widespread use of crossing pieces with a movable
core at high-speed lines in Japan and France.

Along with the development of new structures of frogs,
there is a great body of work related to the improvement of
geometrical parameters of existing structures. Researchers
examine the longitudinal and transverse profiles of the
rolling surfaces of wing rails and a core, dimensions and con-
figuration of grooves, track width in a frog, as well as other
parameters [4, 5].

The next stage is the improvement of the frog manufac-
turing technology. Engineers at the Dnieper turnout plant
solve this task by blowing the steel with argon in the process
of smelting [3]. In Japan, high manganese steel is smelted for
frogs with a lowered content of phosphorus.

A significant impact on the resistance of crossing pieces is
exerted by the micro-and macrostructure of metal. The grain
size, the shape and orientation of crystals and the presence
of inclusions affect the intensity of defect formation. The im-
provements in the micro- and macrostructure of steel include
the casting of a core, machining of rolling surfaces, thermal
treatment and search for effective alloying additives and
new grades of steels to manufacture the frogs [3]. Engineers
have conducted field testing of frogs alloyed with nickel,
molybdenum, niobium, chrome, aluminum, titanium, boron,
etc. [6, 7].

At present, the European Union and many railroads in
the world mostly use frogs fabricated from the high manga-
nese steel. Such a steel has the property of self-compaction,
thereby operating well under conditions of elevated dynamic
loads. During operation of crosspieces made of this steel, the
rolling surfaces of wing rails and a core are given the strain
hardening, which leads to a decrease in the intensity of abra-
sion and metal crushing. However, the resistance of frogs
made of high manganese steel against the formation of con-
tact-fatigue defects is insufficient at present. This gives rise
to the search for new grades of steel to produce the crossing
pieces at railroad switches. The European Union states have
banned making the frogs from high manganese steels due to
the environmental considerations.

The purpose of the pre-operational
strengthening of rolling surfaces of wing

thods with an explosion in different environments, as well as
techniques for the phased strengthening.

Foreign engineers have achieved significant results in the
field of strengthening the rolling surface of frogs. In the Uni-
ted States and Canada, they have designed and implemented
industrial installations for the strengthening of frogs by the
explosive wave. The required magnitude of strengthening
is achieved in three cycles. The lifespan of a crossing piece
increases by 2.5-3 times.

The operational time of railroad switches in general
and frogs in particular is greatly affected by improving the
maintenance of railroad switching equipment [7, 8], that is,
the implementation of regular measures to maintain it. Such
measures include: the introduction of a system aimed to con-
trol and inspect the frogs, the timely execution of works to
maintain the frogs, comprehensive repair of crossing pieces
under stationary conditions. However, these activities do
not include a comprehensive approach to maintaining the
system of railroad switching equipment and there are no de-
fined rational variants for this system [7, 9]. This task can be
resolved only when taking into consideration all the factors
of influence and possible measures by using mathematical
methods of optimization.

The main changes introduced to the design of composite
frogs that are operated in Ukraine are the introduction of
a bent-up connection of a rail part of the rail wing with the
one-piece-cast instead of a direct connection. This technique
is applied at nearly all variants of the modified switches of
model 1740. At the same time, there are other variants of
them (railroad switch Dn330) with a change in the rolling
surface by the introduction of a 1/7 cross slope to the rail
wing (that is, the so-called impact-free rolling surface forms).
There are variants of the frog with a smaller elevation of the
rail wing rolling surface at a cross-section of 20 mm from
6.7 mm to 4.7 mm (project U1740-06) [10, 11].

The results of research [5] into frogs of brand 1/11, pro-
ject 1740, of different modifications, show that the number of
frogs removed because of vertical wear of the core and wing
rails is 57 %, 43 % are due to defects (Fig. 1). The largest
quantity of the removed frogs relates to the factor of vertical
wear of the core.

I
rails and a core in the zone of a wheel DU.14.2(0D) 1%
rolling is to increase the rigidity of metal ]
and, consequently, to reduce the intensity DU.12.5 e

of abrasion and crushing. During experi-
mental research the strengthening of the
rolling surfaces of frogs was achieved by the
following techniques: rolling with a roller,
strain hardening, forging, spraying a layer
of the more rigid metal [3]. However, these
strengthening techniques have not produ-
ced desired results as using a roller, as well
as forging, led to an intensive crushing of
the rolling surface, and the application of
other techniques resulted in that the thick-
ness of the strengthened layer of metal was
insufficient.

Significant effect can be achieved when
strengthening the worn-out parts of wing
rails and a core by a pulse load generated
by the focused charge of an explosive [3, 6].
Researchers examined strengthening me-
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Fig. 1. Distribution of the removed frogs for project 1740 based

on types of defects



The main reason for replacing the elements of frogs for
project 1740 is the vertical wear of a core and a rail wing,
22 % and 11 %, respectively. In the zone where a wheel rolls
from a rail wing onto a core, because of the increased dynamic
interaction, defects relating to the crushing of a metal at the
rolling surface of the rail wing and a core amount to 22 %. In
addition to the defects specified above, a crossing piece has
defects due to the metal piercing along the inline at the head
because of drawbacks in the design, 14 %; crushing of the
rolled layer of the metal that the cast part of a rail wing and
a core is made of, 6 %.

One of the reasons for removing the elements of frogs
for project M1740 is the vertical wear of a core, 35 %, and
the vertical wear of a rail wing, 10 %. Defects relating to
the crushing of a metal at the rolling surface of a rail wing
and a core in the zone of rolling amount to 19 % due to the
enhanced dynamic action. Defects of metal piercing along
the inline at the head amount to 8 % because of drawbacks in
the design; crushing of the rolled layer of the metal that the
cast part of a rail wing and a core is made of accounts for 4 %.

For project 1740, the main cause for removing a frog is
the vertical wear of a core, which accounts for 46 %. In this
case, the vertical wear of a rail wing is 6 %, metal crushing at
the rolling surface of a rail wing and a core accounts for 11 %,
metal piercing along the inline at the head amount to 8 %
because of drawbacks in the design.

Thus, it is a relevant and promising task to prolong the
service life of crossing pieces, both in terms of ensuring train
motion safety and economic expediency. The timely-made de-
cision on the appropriateness of the continuation of using the
existing projects of railroad switches and elements, as well as
the implementation of experimental structures, would make it
possible to significantly reduce the cost of railroad facilities.
Prolonging the operation time of railroad switches by only
5 % ensures a saving of over UAH 10 million per year [12].

An analysis of research papers reveals that up to now the
issue of improving the longitudinal profile of frogs has not
received sufficient attention. However, given the
technical condition of crossing pieces, the rele-

switches of brand 1/11, project 1740, in order to prolong the
operation cycle of crossing pieces.

To accomplish the aim, the following tasks have been set:

— to design a new longitudinal profile of the frog after the
restoration by surfacing;

— to construct a mathematical model for estimating the
magnitude of a dynamic addition of forces on a frog;

— to estimate the stressed-strained state of the frog em-
ploying the method of five moments.

4. Design of the new longitudinal
profile of the frog

One of the methods to prolong the operation time of frogs
at railroad switches is the method of surfacing [12, 13].

The technology of work execution and requirements to
the choice of the material for the surfacing of frogs at railroad
switches under field conditions are listed in the regulatory
document [14]. The result of executing the work on sur-
facing, the geometry of an industrially produced profile can
be modified.

Therefore, we propose the improved longitudinal profile
of the frog (Fig. 2).

In a given profile, a height of the core against the cross
section of 20 mm was increased to 3 mm instead of 2 mm for
a standard profile of the frog. Such an increase is maintained
to the cross section of the frog core equal to 30 mm. The pro-
file of the core subsequently decreases to become equal to 0
in the cross section of 60 mm.

The longitudinal profile of wing rails in the cross section
of 20 mm decreases to 4.0 mm instead of 6.7 mm for a stan-
dard profile; the longitudinal profile before crossing the core
decreases to 0 mm.

Employing the procedure given in paper [5] we derived
a motion trajectory of the center of mass of the wheel over
the standard and the proposed profiles (Fig. 3).

vance of prolonging their life cycle has remained 5 7
a promising task. To this end, it is necessary to § 6 40 40
design such a longitudinal profile, which would = 4 .
reduce the dynamic addition of forces, which ex- -’ ) 30
erts a direct influence on failures of frogs during & 2.0
operation. % 0
£ 200 400 600 80 20 1000 1200
4 Profile length, mm

3. The aim and objectives of the study

The aim of this work is to design and sub-
stantiate the effectiveness of using the improved
longitudinal profile of crossing pieces at railroad

——Rail wing, proposed profile
—Rail wing, standard profile
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—Core, proposed profile
—Core, standard profile

Fig. 2. Standard and proposed longitudinal profiles of the frog
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In the general form, a trajectory of the wheel motion over
a frog can be recorded in the form of dependence:

y(x)=F{P(x),W(x),5}, )

where y(x) is the trajectory of the wheel that rolls over
afrog in the vertical plane; P(x) is the frog profile; W(x) is the
transverse profile of the wheel brace; & is the magnitude of
the gap between a working edge of the wheel and a working
edge of the rail wing (core).

The longitudinal profile of the frog will be represented
in the form of two linear functions: P,(x) is the longitudinal
profile of wing rails and P.(x) is the longitudinal profile of
a core. Fig. 3 shows abscissas of functions P,(x) and P.(x)
that were accepted to derive the motion trajectory of the
center of mass of the wheel over the frog of brand 1/11.

The trajectory that forms when a standard wheel rolls
over a regular profile of the frog (Fig. 4) acquires a wave-like
shape with a maximum increase at a distance of 400 mm from
the throat of the frog +0.8 mm and a maximum decrease of
—1.1 mm in the cross section of the core of 30 mm. The pro-
posed profile has a maximum increase, in the cross section of
400 mm, of +0.3 mm, and a maximal decrease is —0.5 mm. The
slopes of trajectory after a standard wheel rolls over a typical
profile of the frog amount to 10 %o instead of 3.7 %o for the
proposed profile of the frog.

The power function of the seventh order defined co-
efficients of the polynomials that approximate the motion
trajectory of a standard wheel over a longitudinal profile of
the frog of brand 1/11.

switch and the rolling stock, we adopted the following mo-
dels (Fig. 5):

—a model of the car is taken to be a generalized mecha-
nical system that is composed of two inertial bodies — the
over spring mass and the unsprung mass, and represents the
passage of one axle of the carriage;

—a model of the frog is a model composed of the conti-
nual inertial Euler beams with a mass concentrated in the
axes of the beams.
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Fig. 5. Estimation scheme of interaction between a frog
and the rolling stock

The beams are placed one on one; they are
separated by elastic continual layers, which
correspond to the Winkler base and possess the
viscous-dissipative properties. The lower beam
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—— Motion trajectory of the wheel's center of masses over the proposed frog profile
-== Motion trajectory of the wheel's center of masses over the standard frog profile

Fig. 4. Motion trajectory charts of the wheel’s center of masses over

the longitudinal profiles

For a standard profile, coefficients of the polynomial ac-
quire the following values: ay=0.2484, a;=0.017, a;=0.0002,
a3=5-10", a;=-9-10"19 45=6-10"13, ag=—2-10"16, and for
the improved profile, restored by the method of surfacing:
ay=-0.2499, a;=0.0064, ay=—4-10", a3=1-10"7, a;=—2-10"10,
as= 1-10713, d6=—4-10717.

4. Construction of a mathematical model and estimation
of the magnitude of a dynamic addition of forces on the frog

The motion of rolling stock wheels over the frog at a rail-
road switch has a complicated character. At motion over
a rail wing as a result of the brace end, the wheel moves in
the vertical plane. Additional forces of inertia occur in this
case, acting on the rolling stock and the track [15, 16]. To
model the dynamic interaction between a frog at a railroad

is placed at a stationary base [17—19]. Each of
the beams corresponds to the structural ele-
ments: a frog, a sleeper with fixation, a ballast
layer with soil roadbed. The action of separate
sleepers is described through the introduction
to the upper connecting layer of gaps with
a small value of rigidity and damping [20, 21].

Simulation of the dynamic interaction bet-
ween a track and the rolling stock is conduc-
ted by solving a system of differential equa-
tions (1) according to the accepted estimation
scheme (Fig. 5).

The derivation of separate equations is not included since
each of the elements of the system is a standard one; these
elements can be found in the scientific literature [21, 22].
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Denotations that are accepted for the scheme in Fig. 5
and for the system of differential equations (2) are: M, is the
over spring mass of the car, reduced to one wheel; Cy is the ri-
gidity of suspension, reduced to one wheel; f; is the damping
in the suspension, reduced to one wheel; M, is the unsprung
mass of the car, reduced to one wheel; Cy, is the rigidity in
the contact between a wheel and a rail; fj, is the damping
in the contact between a wheel and a rail; my, ms, ms are the
masses of a rail, sleepers with fixation, a ballast layer of road-
bed, reduced to the axes of respective beams along the track;
Ze, Zu, 21, 22, 23 are the displacements of masses of the car, of the
wheel, of the rail, sleepers with fixation, of the ballast layer
of roadbed, respectively; Ey, Ey, E3 are the elasticity moduli of
respective elements, reduced to the axes of the corresponding
beams; I, I5, I3 are the moments of inertia of respective ele-
ments reduced to the axes of corresponding beams; Us,(x),
Us(x) are the functions of the roadbed coefficient, which
accounts for the possibility of the existence of non-uniform
elasticity in the ballast or a soil bed, that is, a force irregula-
rity; Uy(x) is the piecewise function, which shows a change

in the roadbed coefficient in a layer of sealing and is null in
the intra-sleeper space; /5, f3 is the damping in the connecting
elements of sleepers, the ballast layer, and a soil bed; f is the
damping in the sealing layer (it is null in the intra-sleeper
space); [ is the distance between the axes of sleepers; y;, is
the depth of a geometrical isolated irregularity on the rail;
liy is the length of a geometrical isolated irregularity on the
rail; R; are the reactions of joints between elements of the sys-
tems and the rolling stock that possess elastic and damping
properties; g is the acceleration of free fall.

The first two equations of system (2) represent the dis-
placement of discrete masses, the last three — the vertical
displacements of continual beams. The system consists of two
ordinary differential equations and three equations in partial
derivatives. It is proposed to solve such a system of equations
using a numerical technique employing the Giin’s method [23]
for integration over a preset time interval, which corresponds
to the passage of the external load over the entire length of
the beam, including an irregularity.

Practical implementation of the calculation is performed
using the Matlab 10 software package [24].

As an example of calculation, we shall demonstrate
results of modeling the motion of the car along a sec-
tion of the track with a length of 22 m, which includes
the frog. When performing the calculation, the following
initial data were assigned: M,=11600 kg, M,=990 kg;
my=65kg/m; my=250 kg/m; m3=700 kg/m; E;=2.1-10"" N/m?
1=3,548-10"8 m*%;, C,=80-10°N/m. All magnitudes of the ef-
forts along the frog that occur in connecting elastic-dissipative
layers of the model, which match the fixation, ballast, and
a soil bed, are reduced to be considered as the intensity of load,
or a force of action per 1 m along the axis of the frog (Fig. 6).
At the point of contact between the wheel and the frog the
efforts change continuously; in this case, they increase over an
irregularity depending on the parameters of the irregularity.

In order to compare the forces of dynamic interaction
between the rolling stock and a frog, we set the motion speed
from 60 km/h to 150 km/h. The frog has a geometrical irre-
gularity when a wheel moves over a standard longitudinal
profile of the frog and the frog profile optimized by surfacing.
Distance between the axes of the beams is taken to be 0.55 m.

Results of the linear and nonlinear simulation of the force
of a wheel action on the frog at the point of their contact at
different longitudinal profiles of frogs and at different motion
speed of the railroad rolling stock are shown in Fig. 7.
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Fig. 6. Parameters of interaction between a track and the rolling stock when passing over an irregularity on the frog
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modeling, is 1.4; in this case, the expenditure factor
is 3.2. At nonlinear modeling, the share of ratio of
maximum dynamic forces, arising in a standard
profile of the frog, to the proposed profile, is 2.26;
in this case, the expenditure factor is 17.2. There-
fore, increasing the load leads to the accelerated
disarrangement of the frog, due to the occurrence
of fatigue defects at the frog rolling surface. This in
turn results in an increased costs of frog operation
at railroad switches.

The cost is inversely proportional to the passed
load at the point of current maintenance. Con-
sequently, the ratio of expenditure Esig1/E1534 is

1 T T

0 100 200 300 400

T

O Proposed longitudinal frog profile (deflection under a frog beam)
B Standard frog profile (deflection under a frog beam)

B Standard frog profile (without a deflection under a frog beam)

O Proposed longitudinal frog profile (without a deflection under a frog beam)

Fig. 7. Comparison of the force of a wheel action on the frog

for a standard profile and the surfaced profile

Fig. 7 shows that when modeling the interaction between
a frog and the rolling stock without a deflection under a frog
beam the maximal magnitude of a dynamic addition of forces
occurs at the rolling stock motion speed of 100 km/h; the
magnitude for a standard profile is 216.1 kN; for the profile
restored by the surfacing method, it is 153.4 kN.

The result of assigning a deflection under a frog beam
is the derived non-linear model. The magnitude of interac-
tion forces at a speed of 150 km/h for a standard profile is
413.7 kN; for the profile restored by the surfacing method, it
is 183.4 kN.

Thus, the magnitude of forces for the proposed frog at
a motion speed of 150 km/h is 50 % lower compared with
a standard longitudinal profile.

At linear simulation of the dynamic addition of forces, the
magnitude for the proposed profile decreases by up to 30 %
compared to a standard one.

Based on data from [20], the influence of operational
factors on the disarrangement of all elements of the track was
established, considering even a damage to the elements of the
upper structure of the track. In this case, the impact of ope-
rational factors can be significantly strengthened depending
on the geometrical state of the track. The organization ORE
conducted a number of studies to determine the influence of
these factors. The Committee ORE D141 improved a quan-
titative method of calculation, which assumes that a disar-
rangement of the track geometry is a function of the degree
of load according to formula (3):

E=kT*PPV7, 3)

where E is the expenditure rise in the track operation due to
the disarrangement after restoration or following the latest
maintenance operation; T is the passed tonnage; P is the
full axial load (static+dynamic); V is the motion speed; &, o,
B, y are constants. The parameters o,  were determined em-
pirically by the ORE committees D141 and D17. Values for
the disarrangement factors for a damage of the frog surface
are o=1.0 and B=3.5.

The share of ratio of maximum dynamic forces, arising in
a standard profile of the frog, to the proposed profile, in linear

500 equal to:

/o
E216,1 =|:})216.1} . (4)
E153.4 P

153.4

In practice, the cost ratios for the distribution
of load should be derived from formula:

B/o
E, Z ny, P,

e R S— 5
E, ZnuBB/a ©)

where ny;, ny; is the share of impact of one group of load,;
P; is the mean level of force load on the group of load for
a standard profile and the proposed profile.

5. Development of a procedure for calculating the
stressed-strained state of the frog using the method of
five moments

We shall accept the estimated scheme of the frog in the
form of a continuous beam with a variable cross section,
which rests on the bars in 6 cross sections located at equal
distances from each other (Fig. 8).

One of the supports is considered to be the hinge-fixed one
to receive the axial load, the remaining to be the hinge-mo-
vable ones [25]. To form the main system, we place the hinges
in the beam cross section over the intermediate supports.

Fig. 8. Estimated cheme of the frog

The unknowns to the method of forces at such a choice
of the main system are the bending moments in the anchor
cross sections of the beam: X; =M, Xo= My, X3=Ms5, X;=M,.

It is believed that the beam has a constant cross-section
within the limits of one run.

It is assumed that the base of the frog is elastic due to
the gasket and the displacements of supports proportional to
support reactions [25]:

v, =kR, ©)

n"n



In this case, we consider that complete reaction R, in
the support number 7 is derived as the sum of reaction of
the statically determined beam due to the action of known
load R?, applied within the limits of the run, and the reac-
tion due to the action of supporting moments, not known in
advance:

Rn = RS _(Mn _M(n—1))/ln +(M(71+1) _Mn)/l(n+1)' (7)

As a result of the displacement of supports with numbers
(n—1), n and (nt+1) by yn1, y» and y,.1, respectively, the
beams of the main system with numbers 7 and (n+1) would
rotate at angles that are calculated from formula:

Y Y 7/;11
0 =
! l

n

0, =7 ®)

n+l

The mutual turning angle of cross sections in support 7
will equal 8,,,—6,. The equations of the three moments take
the following form:

/

il _6E (en+1 _en)’ (9)
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I I 1

n+l

where n=1..4.

After substituting expressions for turning angles (8) with
respect to (6) and (7) into equations of three moments (9),
we obtain an equation of five moments.
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where Az is the displacement of the main system in the direc-
tions of removed joints due the action of the preset external
load (or mutual turning angles of supporting cross sections
of the main system due to the action of the preset external
load); £, is the distance between supports that hold the frog;
I, are the axial moments of inertia of the transverse intersec-
tions of the frog; k is the frog base rigidity; F is the modulus
of elasticity of the frog metal; R, is the reaction of the support
under load.

Based on the proposed mathematical model, we deter-
mined the bending moments and the largest normal stresses
arising in the frog because of the action of statically applied
amplitude values for the interaction forces between a wheel
and a frog.

To determine the maximum normal stresses at bending,
rigidity of the frog base was accepted as k=7.5-107 kN/m,
modulus of elasticity of the frog metal — E=2.1-10° MPa.

Determining the magnitudes of axial moments of inertia
of the frog, brand 1/11, project 1740, was conducted by
a graphical method using the CAD software.

Parameters of geometrical characteristics of the frog are
given in Table 1.

Table 1
Geometrical characteristics of the frog

. Characteristic cross sections of the frog
Geometrical

characteristics 10 20 30 40 50 60

Axial moments

of inertia, cm? 9609 | 10130

10070 | 10226 | 11110 | 12100

Resistance
moments, cm?3

1050 | 1083 | 1100 | 1075 | 1118 | 578

The maximum values of the bending moments for a
standard profile at a dynamic addition of force of 216.1 kN
are 15.59 kNm; at 413.7 kN, the bending moment is equal to
33.47 kNm. For the profile improved by the method of sur-
facing at a dynamic addition of force of 153.4 kN, magnitude
of the maximum bending moment is 10.67 kNm; at 183.4 kN —
14.85 kNm.

Given the calculated values for the bending moments
and geometrical characteristics of the frog, we shall calculate
normal stresses from formula:

o=—,
w

(10)
where M is the bending moment; W is the moment of resis-
tance of the frog cross section.

We determined, for the maximum values of bending mo-
ments, the maximum normal stresses (Fig. 9) arising during
action of a vertical load for a standard profile and the pro-
posed profile of the frog.
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Fig. 9. Distribution of normal stresses and maximum bending moments in the cross section of the frog core of 35 mm

The results of calculation of the stressed state of the frog
showed that a stress of 33.47 MPa is caused by a freight car at
a maximum bending moment in the cross section of the frog
of 35 mm, brand 1/11, project 1740. Therefore, the stresses at
the static calculation of the frog are low and are much smaller
than the maximum permissible magnitude of stress for
a given grade of steel, which is 210 MPa according to techni-
cal specifications [14].

7. Discussion of study results aimed to evaluate the state
of the strength of the frog at railroad switches

Large dynamic forces cause intensive wear of the frog ele-
ments (wing rails, cores), which reduces their service life and
contributes to the development of defects in sleepers, which
leads to cracking. In order to prolong the time of operation
of frogs, it is recommended to use a method of surfacing with
a simultaneous change in the longitudinal profile. At the
change in the longitudinal profile, it is necessary to achieve
the trajectory of a wheel motion that is close to rectilinear. It
is necessary to ensure the largest length of the rolling zone,
which would make it possible to increase the contact area
between a wheel and a frog. It is necessary to distribute the
force of the impact of the wheel against the core for a larger
area and to ensure rolling the wheels at the smallest permis-
sible angle to the elements of the railroad switch.

The ORE D141 committee established impact factors
of the disarrangement of the frog geometry on the cost of
regular maintenance. At a share of the ratio of maximum
dynamic forces, arising in a standard profile of the frog, to
the proposed profile, at linear modeling, which is 1.4, the
expenditure factor according to the ORE D141 procedure
is 3.2. At nonlinear modeling, the ratio of forces is 2.26;
the expenditure factor, however, amounts to 17.2. Therefore,
increasing the load leads to the accelerated disarrangement
of a frog, due to the occurrence of fatigue defects at the
rolling surface. This in turn results in the increased costs of
operation of frogs at railroad switches.

The magnitude of forces in a contact between a wheel and
a frog depends on parameters of a vertical irregularity in the
zone where the rolling stock wheels roll over a frog. Deter-
mining the level of force workload on the railroad switches
does not allow employing the calculation procedures that are
used in determining the interaction forces for a typical track.
Until recently, no any generally recognized method was de-
veloped, nor proposed, for the calculation of dynamic forces
that arise within the limits of railroad switches or separate
parts. Respective calculations most often employed flat

estimation schemes in the form of a system of concentrated
masses, interconnected by elastic-dissipative links. At the
same time, many similar calculation schemes were not precise
enough to reflect the actual conditions for the interaction of
the system «track-carriage».

The determined stressed state of the frog at static calcu-
lation made it possible to establish that the level of stresses
is low and is much smaller than the maximum permissible
magnitude of stress for a given grade of steel. Therefore, we
can argue that the frog works under a load at the expense of
existing reserve of strength.

The drawbacks of the study conducted are in that the
derived criteria are based on the optimization of only the
longitudinal profile of wing rails and a core of the frog, as well
as on the estimation of maintenance costs at the occurrence of
faults under the action of vertical dynamic loads. In addition,
important factors when optimizing the frogs are the shape and
area of the contact surface and the estimation of the frog disar-
rangement due to contact stresses. Therefore, in the future it is
necessary to continue improving the comprehensive procedure
for prolonging the life cycle of frogs, taking into consideration
the above-mentioned factors that were not accounted for.

8. Conclusions

1. To prolong the time of operation of frogs at railroad
switches, it is recommended to use the method of surfacing
with a simultaneous change in the longitudinal profile of the
frog, in which the slopes of a trajectory after the passage of
a wheel with an average statistical wear should be equal to
3.7 %o instead of 10 %o for a standard profile of the frog.

Coefficients of the polynomials that approximate the
motion trajectory of an average statistical wheel along the
longitudinal profiles of the frog, brand 1/11, for a standard
profile, are: ay=0.2484, a;=0.017, a»=0.0002, a3=5-10"7,
a;=-910"19 a5=6-10"1 and ag=-2-10"1%; for the im-
proved profile, restored by the surfacing method, they are
ay=-0.2499, a;=0.0064, ay=—4-10"°, a3=1-10"7, a;=—-2-10"10,
as=1-10"13 and ag=-4-10"17.

2. The developed integrated algorithm for determining
the dynamic interaction between the rolling stock and a frog
made it possible to establish the scientific basis for improving
the operation time of frogs at railroad switches. The magni-
tude of dynamic additions of forces for the proposed frog at
the motion speed of 150 km/h is 50 % lower compared with
a standard longitudinal profile. At linear modeling of dyna-
mic additions of forces, the magnitude of forces decreases for
the proposed profile to 30 %.



Increasing the load on the frog to 60 % at the expense of
a deflection under the frog bar accelerates the disarrange-
ment of the frog due to the occurrence of fatigue defects at
the rolling surface, while the share of expenses for the opera-
tion of the frog increases in this case by five times.

3. The determined stressed state of the frog at static
calculation using the method of five moments allowed us to

establish that the level of stresses is low and is much smal-
ler than the maximum permissible magnitude of stress for
a given grade of steel. Therefore, it can be argued that the
frog works under a load at the expense of existing reserve of
strength. Maximum normal stresses at the preset initial data
in the frog cross section of 35 mm, brand 1/11, project 1740,
are 33.47 MPa.
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