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ABSTRAC The paper presents the findings of a study exploring the influence of unloaded rails in connecting tracks on

the distribution of deflection of reinforced concrete switch ties when a train moves along the direct track.
The finite element method (FEM) was used to develop a spatial analytic model of connecting tracks at a turnover, including
both loaded and unloaded rails and switch ties on a continuous elastic cushion. The model was verified by comparing the FEM
calculations against the conventional solution for a beam on an elastic cusion using the initial parameter method (Krylov func-
tions). The comparison of results has shown good convergence. The study has identified quantitative relationships between
changes in system stiffness and distribution of deflections along the switch tie length based on its length and loading patterns.
It has been shown that unloaded rails reduce the maximum deflection by 5-15%, displace the deflection point towards the
centre of the switch tie, and contribute to more uniform distribution of deflection. When unloaded rails are excluded from the
calculation, the load transfer efficiency factor for switch tie-to-ballast load transfer is overestimated. The “reverse” bending of
the switch tie ends typical of the design model of a beam on a continuous elastic cushion remains virtually unchanged when
unloaded rails are introduced. This value is mainly determined by the length of a switch tie and stiffness of the cushion, which
supports and elaborates on the conventional approaches offered by V.F. Yakovlev and I.l. Semenov.
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AHHOTA M MpepncraBneHbl pe3ynbTaTbl UCCNEA0BAHUS BIUSHUSA HEHATPYXXEHHbIX PENbCOB B COEAMHUTENbHbIX Ny-
TAX Ha pacnpeneneHue nNporuboB xene3obeToHHbIX CTPENOYHbIX 6PYCbeB NPU ABUKEHUMU MO NPSMOMY

HanpasneHuto. Ha ocHoBe MeToaa KOHeYHbIX aneMeHToB (MK3J) noctpoeHa pacyeTHas NpOCTPAHCTBEHHAA MOAeNb COeANHM-
TeNbHbIX MyTeW CTPeNoYHOro NepeBoa, BKYAOLWAsA Harpy)XeHHble U HEHArpy>KeHHble penbCbl U BpycbaMU HA CMAOLWHOM
ynpyrom ocHoBaHuu. [poBeseHa Bepudurkauna Moaenun nyteM conocrasneHuns pacyetos MK ¢ knaccMyecknm peleHmem ans
6ask1 Ha ynpyrom OCHOBaHWM METOLOM HayasbHbiX napameTpoB (PyHKuUMM Kpbinosa). CpaBHEHUE NONYYEHHbIX Pe3ynbTaToB
MoKa3ano XOPOLUYH CXOAMMOCTb. YCTaHOBEHbI KONIMYECTBEHHbIE 3aBUCUMOCTU U3MEHEHUS XKECTKOCTU CUCTEMBI U pacnpepe-
neHus npornbos no AnnHe 6pyca B 3aBMCMMOCTM OT €ro AJIMHbI U CXeMbl HarpyxeHus. lMoka3aHo, YTo HeHarpy>KeHHble penbCbl
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CHUXKAIOT MaKCMMasbHbIM Npornb Ha 5-15%, cMelwatoT ero TouKy K cepeamHe 6pyca u cnocobcTBytoT 60see paBHOMEPHOMY pac-
npeLeneHunto Harpysku. McknoueHne M3 pacueToB HeHarpyXXeHHbIX PebCoB AAeT 3aBblleHne KoahdUuLmeHTa 3OPEKTUBHOCTH
pacnpeaeneHus Harpy3ok CTpenoyHbiM 6pycom Ha 6annact. «O6paTHbI» M3rMb KOHLOB 6pyca, XapaKTepHbIi A4S pacyeTHOM
cxeMbl 6asK1 Ha CMIOWHOM YNPYroM OCHOBAHWM, MPAKTUYECKM HE U3MEHSIETCS OT HANIMUMS HEHATPYXKEHHbIX PebCcoB. [LaHHbIN
napameTp B OCHOBHOM OMpefensercs AJMHOM 6pyca 1 XeCTKOCTbI0 OCHOBAHMS, YTO NOATBEPXKAAET U YTOUHSAET KNaccuyeckue

noaxoabl B.®. Akosnesa n N.MU. CemeHoBa.
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INTRODUCTION

The interaction between a turnout and rolling stock
is one of the key topics in rail transport that determines
the safety, efficiency, and durability of railway infra-
structure. It involves a variety of aspects, from physical
parameters of turnouts through the undercarriage of
rolling stock to dynamic processes that occur during
movement [1]. The rolling stock — turnout system is a
dynamic system that changes over time during move-
ment. Interactions between rolling stock and a turnout
produce intense dynamic loads. These have a destruc-
tive effect both on parts of rolling stock and compo-
nents of turnouts [2].

Scholars from the All-Russian Scientific Research In-
stitute of Railway Transport, Moscow State University
of Railway Engineering, Leningrad Institute of Railway
Transport, Dnepropetrovsk Institute of Railway Engi-
neering, and other railway universities have made ma-
jor contributions to studying the dynamic rolling stock-
turnout interaction. These include V.I. Abrosimov,
V.G. Albrecht, SV. Amelin, G.E. Andreyev, M.F. Verigo,
B.E. Glyuzberg, E.I. Danilenko, N.N. Yelsakov, G.G. Zhel-
nin, GV. Zotkin, G.I. Ivaschenko, L.G. Krysanov, N.N. Pu-
trya, L.I. Semenov, M.P. Smirnov, A.M. Teitel, M.I. Ti-
tarenko, M.Yu. Khvostik, G.M. Shakhunyants, V.F. Yako-
vlev, and others.

The majority of studies on turnouts are devoted to
methods for improving them, increasing the reliabil-
ity of their individual components and assemblies, dy-
namic testing, technologies for routine maintenance
and repairs, and increasing operational durability
[3-8].

Despite all the experience gained to date, the influ-
ence of design features of turnout connecting tracks on
the value and nature of distribution of the sub-rail base
elasticity in the current operating conditions has not
yet been sufficiently studied.

One of the recent works of interest is a study by
M.A. Egorov [9], in which the author simulated the
dynamic interaction between turnouts and rolling
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stock. The paper studied the effects of rail joint weld-

ing, grinding of the tread surface of rail elements, and

the elastic modulus of the turnout base in the vertical
plane. However, it did not consider the influence of un-
loaded rails on stiffness.

Uneven wear of turnout components (track switch-
es, connecting tracks, frogs) is due to the spatial het-
erogeneity in structural stiffness characteristics both
along the length and in the cross-section of a turnout.
The heterogeneity is caused by a set of factors, with the
main being the variable nature of the force interaction
in the rolling stock-turnout system [1]. Contemporary
research [10-12] also supports the relevance of study-
ing spatial heterogeneity of track stiffness in turnout
areas.

The key components are:

e a variable mass ratio between rolling stock and
tracks at different load points;

e complex, variable patterns of load application
relative to the supporting elements (switch ties),
especially in areas of track branching and rails
crossings;

e structural features that create stress concentration
zones due to fluctuations of rolling stock in vertical
and horizontal planes.

Thus, the problem of identifying elastic irregulari-
ties of track rails within a turnout is a relevant issue for
turnout facilities. One of the key aspects of the problem
is a precise assessment of the influence of unloaded
rails on switch tie deflections, as the conventional
methods only produce estimated results.

CALCULATING DEFLECTIONS
AND IDENTIFYING RELATIONSHIPS

Deflection of a switch tie in cross-section under a
loaded rail is an integral indicator that depends on a
complex interaction of several elements:

e the switch tie’s stiffness (material, cross-section ge-
ometry, length);
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e the bearing capacity of the ballast and subgrade for-
mation (the modulus of subgrade reaction);

e load application coordinates relative to the support
points and the centre of the switch tie; and

e the influence of unloaded rails attached to the same
switch tie.

The deflection of unloaded rails together with the
switch tie will cause reactive forces (moments) in the
fastenings that are directed against the displacement
vector. This produces the effect of additional elastic
support, significantly reducing the overall deformabil-
ity of the system.

To take this effect into account, V.F. Yakovlev [13]
offered a reduction method, where the moment of in-
ertia of a loaded rail I, is increased by a certain value
K I, equivalent to the resistive action of unloaded
rails. In a simplified form, this can be represented as
follows:

I,=1 +KJ], (€]

where I is the reduced moment of inertia of the track
rail; I, is the moment of inertia of the loaded rail; I,
is the moment of inertia of the unloaded rail which is
structurally connected with the loaded rail; and K is
the coefficient that accounts for the fraction of com-
bined action of the unloaded and loaded rails.

Numerically, K, is equal to the fraction of the mo-
ment of inertia of the unloaded rail. It was proposed to
determine values of KO using a design model (Fig. 1)
from the ratio of rail sagging under load:

q
Ko ==,

Z‘ @)
Koy =%

q,

This formula is not exact, as it does not take into ac-
count changes in the form of deflection of the switch tie
axis caused by changes in external and reactive forces.

a, U 4y 4y

Il i

Fig. 1. V.F. Yakovlev's design model for determining K, [14]
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Fig. 2. V.F. Yakovlev's design model for determining K [14]

Using formula (2) to determine K, will also produce ap-
proximate values that need to be refined.

In his paper [14], L.I. Semenov proposes to take into
account that both unloaded rails, rather than just one,
influence the deflection of a loaded rail. Based on the
principle of superposition, the deflection under an un-
loaded rail is obtained by adding load actions of both
loaded rails (Fig. 2).

Taking this into account, the value of K is deter-
mined using the following formulas:

from forceP, Ko = LENN q74; (3)
9 4

from force P, Ko, = 93 , 94
9 49

A well-known model for determining switch tie
deflections disregarding unloaded rails is the analytic
model in the form of a short beam on a continuous
elastic Winkler foundation. Deflections are estimated,
for example, by the initial parameter method using
Krylov functions [15]. This approach is only applica-
ble to static loading cases. However, this is reasonable,
as at the realistic speeds of rolling stock, the inertial
forces of track elements are small compared to the
weight component and the inertial forces of the gyrat-
ing masses of the rolling stock Therefore, they can be
neglected without introducing a substantial error to re-
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Fig. 3. 3D visualization of the design model with a 3.0 m long switch tie
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Fig. 4. Diagrams of deflections of both rails and 3.0 m switch ties taking into account unloaded rails

al-world design. In recent years, problems of dynamic

interaction have been actively explored using numeri-

cal methods [9, 12].

The physical essence of the phenomenon is more
accurately reflected when a switch tie is seen as a heam
on an elastic isotropic half-space, in which the relation-
ship between stress and deflection is non-linear. How-
ever, in this case, the calculations are more cumber-
some, and the input conditions and parameters are not
more accurate [16].

It is difficult to directly use this method for the
“switch tie-multiple rails” system due to static inde-
terminacy (the reactive forces from unloaded rails are
unknown).

To solve the problem, the authors used numeri-
cal modelling using the finite element method (FEM).
We built a spatial model consisting of three adjacent
switch ties, operating (rolling) and non-operating rails
(Fig. 3), in which:

e the model switch ties and rails are designed as
beam elements that carry bending stresses and
have relevant stiffness (E, = 36,000 MN/m? and
E_=206,000 MN/m?);

e the model elastic foundation is designed using dis-
crete spring elements that are uniformly distrib-
uted over the lower plane of the switch tie with the
modulus of subgrade reaction C = 388 MN/m53;
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e the model connection between loaded and unload-
ed rails and switch ties at the locations of tie pads
is designed as an elastic connection (FE 51) with a
stiffness equal to that of the intermediate rail fas-
tening (R = 150 MN/m);

e the load from a single wheel set is applied in the
form of concentrated forces to the nodes of the
loaded rails, P = 196.13 kN.

Similar approaches to modelling a track-foundation
system are also used in contemporary research [10-12].

An example of a diagram of deflections of both rails
and 3.0 m long switch ties taking into account unloaded
rails is given in Fig. 4.

To assess a degree to which unloaded rails influ-
ence the switch tie deflection under a load of a single
wheel set, we used the LIRA-SAPR software to complete
a multivariate calculation for switch ties with a length
of 3.0 m to 4.1 m, with an increment of 0.1 m both for
switch ties without rails (Fig. 5) and for the “switch tie
with unloaded rails” system (Fig. 6).

To verify the developed and used FEM model, the
analytical initial parameter method was used to calcu-
late switch tie deflections disregarding unloaded rails.
The comparison of the results suggests that the adopted
analytic model is appropriate (Fig. 7).

Let us assess the resulting transfer of load from the
rail to the ballast by a switch tie using the coefficient
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Fig. 5. Switch tie deflections under load P = 98.1 kN excluding unloaded rails (LIRA-SAPR software)
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Fig. 6. Switch tie deflections under load P = 98.1 kN including unloaded rails (LIRA-SAPR software)

of variation in load transfer from the switch tie to the ~ wherey,_ is the average deflection along the switch tie

ballast along its length [16]: length, mm; and y, . is the maximum deflection of the
switch tie, mm.
k = Yav_ @ . . :
Vinax The k calculation results are given in Table 1.
Table 1

Coefficient of variation in load transfer from the switch tie to the ballast

rieengthm | 50 | 3| 32| 33 | 34 35 | 56 | 37| 38 39 | 40 | 41

Efficiency factor
for unloaded 0.8316 0.8402 0.8167 0.8171 0.8183 0.8196 0.8201 0.8194 0.8211 0.8207 0.8200 0.8191
rails excluded

Efficiency factor
for unloaded 0.5903 0.5441 0.5274 0.5427 0.5593 0.5751 0.5868 0.5939 0.5994 0.6016 0.6034 0.6077
rails included

TRANSPORT INFRASTRUCTURE 5
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Fig. 7. Distribution of deflections along the length of a switch tie (L = 3.0 m) when loaded by a wheel set: 1 — calculation
by the initial parameter method excluding unloaded rails; 2 — FEM calculation excluding unloaded rails; 3 — FEM calculation
for the “switch tie with unloaded rails” system
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Fig. 8. Uneven load transfer from the switch tie to the ballast: a — unloaded rails excluded; b — unloaded rails included

Figure 8 shows the efficiency of train load transfer
by switch ties depending on their length and whether
or not non-operating rails are available.

ANALYSIS OF RESULTS

The calculations for various lengths of switch ties
(from 2.5 to 4.1 m) revealed the following patterns in
the influence of unloaded rails on the distribution of
deflection of switch ties in connecting tracks:

1. The availability of unloaded rails adds an elastic
support, reducing the absolute maximum deflection in
the middle part of the switch tie and, hence, increasing

TRANSPORT INFRASTRUCTURE

the stiffness of the system. The maximum deflection is
reduced by 5-15% depending on the length of a switch
tie and the load point;

2. Unloaded rails displace the maximum deflection
point towards the geometric centre of the switch tie,
making the distribution of elastic deformations more
symmetrical, i.e. changing the shape of the elastic line.

3. When unloaded rails are excluded from the cal-
culation, the efficiency factor for load transfer from the
switch tie to the ballast is overestimated.

4. The “reverse” bending of the switch tie ends
typical of the design model of a beam on a continuous
elastic foundation remains virtually unchanged when
unloaded rails are introduced. This value is mainly de-
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termined by the length of switch ties and stiffness of
the foundation.

5. The resulting figures support, in a qualitative
way, the physical principle underlying the approach to
assessing the influence of unloaded rails on the deflec-
tion of switch ties offered by V. F. Yakovlev: when the
calculation takes account of unloaded rails of connect-
ing tracks the reduced stiffness increases.

CONCLUSION

1. The developed finite model properly describes
the operation of switch ties in a system with unloaded
rails on an elastic foundation, which is supported by
the fact that it is well consistent with the conventional
solution for switch ties without rails.

Liudmila S. Blazhko, Vladislav B. Zakharov
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2. We have established that unloaded rails operate
as additional elastic constrains that increase the inte-
gral stiffness of switch ties by 5-15% and contribute to
more uniform longitudinal distribution of deflection.

3. The observed displacement of the maximum de-
flection point towards the centre of a switch tie sug-
gests a better (more symmetrical) distribution of stress
in the material of the switch tie, and this may prolong
its fatigue life.

4. The findings of the study may be used to substan-
tiate the need to take into account the combined action
of all rails during the design stage to assess the stiffness
characteristics of crossing tracks. This will allow for
making more accurate predictions of their safe operat-
ing life and rates of wear, which should be taken as a
basis for developing technical solutions to align verti-
cal stiffness both along and across a turnout.
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