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In this paper the authors detail the possibilities of modelling of finite
element method (FEM) of glued insulated rail joints which are applied
in railway tracks with continuously welded rails (CWR). A lot of
laboratory tests (static and dynamic 3-point bending tests, axial pulling
tests) were executed on glued insulated rail joints, the specimens were
related to three different rail profiles applied in Hungary: MAV 48.5;
54E1 (UIC54), 60E1 (UIC60), respectively. The static bending tests
with many bay length values were conducted, before and after dynamic
(fatigue) tests. 2-D beam models were made in FEM software using
semi-rigid hinge as the simplified connection of fishplated glued
insulated rail joint. The FEM models were calibrated and then validated
with the static vertical displacement values in the middle-bay position
measured in laboratory. The model validation was conducted with two
methods.

glued insulated rail joint; laboratory test; finite element modelling;
calibration; validation

1. Introduction and literature review

The connection of rails applying fishplated rail joints with horizontal axis bolts is
one of the weakest points of construction of railway tracks, mainly in CWR tracks,
as well as in case of small horizontal curves and turnouts. In the traditional set-up
there are two fishplates (i.e. a pair of fishplates) for joining of the adjacent rail ends
with four or six steel bolts. The reason of this structure is to connect rail ends
avoiding vertical and horizontal steps in the middle of rail joint (i.e. in the zone of
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endpost element). This kind of set-up ensures the smooth running and guiding edges
and surfaces of the rails at rail joints to be able to reduce the evolving dynamic forces
due to passing wheels. This is one of the base requirements of the railway tracks.
The gaps between rail ends, the inadequate configuration of the horizontal and
vertical profile of joined rail ends brake the continuity of railway tracks. In CWR
tracks glued insulated rail joints (GIRJs) have to be applied because of the railway
signalling and safety control, as well as the high axial (mainly thermal) forces
evolved in the rails. It has to be mentioned that in normal railway tracks with
traditional fishplated rail joints (without glue material, i.e. IRJs) are used with or
without insulation according to railway signalling and safety control systems.

In international literature there are a lot of articles and research reports that are
dealing with fishplated rail joints (traditional set-up with and without insulation, as
well as special insulated ones with glue material, i.e. glued insulated rail joints).
Regarding to fishplated glued insulated rail joints the most problems are the false
railway control signs due to rail ends failures which resulting the railway capacity
restriction. Other problems are for example the implementation of glue material,
endposts, rail ends and wear of rail profile inner corner and plastic deformation.

According to this paper the authors introduce the relevant research results of
mainly FEM modelling, as well as some other interested literature related to
fishplated rail joints.

There are some interesting results from the international literature review:

e in generally the rail joints’ failure is connecting to decreased moment of
inertia of the pair of fishplates (compared to applied rail section) [1], and
enlarged stress values in the head of the rail that can result plastic
deformation, lipping in the rail steel material [2],

¢ the maintenance cost of rail joints is significant high, it is very problematic
issue to avoid insulated rail joints from railway tracks (mainly CWR tracks)

(11,

® jtisvery serious to select suitable type of glue for glued insulated rail joints
[3] [4]. Itis important and significant issue specially related to the material
and thickness of endpost elements [5] [6] [7] [8]. The significance of this
issue is also detailed in papers [9] [10] [11]. In these publications the
authors stated the most appropriate type of endpost elements to be applied
in fishplated rail joints,

e modified geometry in the head of rail section (longitudinal section, i.e. arch
shape) is able to provide lower arising stresses and expand the life-time of
fishplated rail joints [12],
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lipping phenomena in the rail head near the endpost is able to be set back
by better rail steel grade or altered-treated steel types applied in rail head
[5] [13] [14],

external reinforcement methodologies can provide increased bending
stiffness of rail joints assembled with fishplates [1],

the application of non-perpendicular (i.e. for example 30° and 45°, in other
words: inclined) rail joints is able to reduce vertical deformation, noise and
vibration compared to normal ones (i.e. perpendicular joint types) [12],

it has to be marked that inclined fishplated rail joints aren’t suitable (i.e.
they aren’t more appropriate than square ones), it is based on practice of
railway operators [15],

significance of glue arrangement (together with the volume of glue between
fishplates and rail web) [16],

the arising stress-strain state of the rail joint elements is affected by the
support geometry types [3] [17] [18],

significant stresses can be evolved due to wheel-rail contact in the rail head,
as well as in the fishplated rail joint’s elements that can lead to plastic
deformation and early failures [19] [20] [21] [22],

rail joints are able to result supplementary (extra) dynamic effect that can
issue with much more rapid deterioration process [23] [24] [25] [26].

Related to dynamic effect at turnout frogs a research group dealt at TU
Dresden [27] [28] [29] [30]. They detailed that adequate geometry and
well-chosen rail (and/or rail head) steel materials are suitable to reduce
dynamic effect during wheel passing. It can increase the lifetime of the
turnout frog and frog nose that results in reduction of life cycle costs (LCC).
In the paper [31] they applied special multi-fractal analysis. This area is
highly interesting related to fishplated rail joints because there are many
connection points between these researches.

At Railway University of Dnipropetrovsk there is a team which researched
mainly the evolved stress-strain state of the whole railway track with very
sophisticated methods [32] [33] [34] [35]. In the paper [36] they
investigated the railway track representation in mathematical model of
vehicles movement. Irregular vehicle movements are a key issue related to
arising ‘extra’ stresses in the elements of railway track, also in IRJs and
GIRJs.
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After the authors have finished laboratory and field tests on glued insulated rail
joints with glass-fibre reinforced and steel fishplates the necessity of applicability of
polymer-composite fishplated glued insulated rail joints (synonym of glued
insulated rail joints with glass-fibre reinforced fishplates) based on FEM modelling.
In their papers [37] [38] [39], they dealt with laboratory tests of IRJs and GIRJs. In
publications [40] [41] [42] there are investigations related to field tests. A lot of
laboratory tests (static and dynamic 3-point bending tests, axial pulling tests) were
executed on glued insulated rail joints, the specimens were related to three different
rail profiles applied in Hungary: MAV 48.5; 54E1 (UIC54), 60E1 (UIC60). The
static bending tests with many bay length values were conducted, before and after
dynamic (fatigue) tests. 2-D beam models were made in FEM software using semi-
rigid hinge as the simplified connection of fishplated glued insulated rail joint. The
FEM models were calibrated and then validated with the static vertical displacement
values in the middle-bay position measured in laboratory. The model validation was
conducted with two methods, detailed in the following sections.

The advantage of FEM modelling can be economic aspects. The calibrated and
validated FEM models can be applied to be able to assume the behaviour of
fishplated rail joints (with the consideration of used parameters). It is useful for
saving time and money (i.e. resources) because the expensive and time consuming
laboratory tests are not needed to execute every time. It has to be mentioned that our
FEM models are adequate to approximate the mechanical behaviour (without
failure) of glued insulated rail joints with glass-fibre reinforced fishplates with the
applied one kind of glue material. In case of more complex investigation is needed,
supplementary laboratory tests have to be conducted, i.e. with more types of glue
materials, more rail profiles, more types of fishplates, etc. These tests can be
executed in the future that is a real plan of the authors.

2. Methods
The following methods were applied in the research related to this paper:
o laboratory tests,
e FEM modelling,
e mathematical statistics and regression calculations,
e calibration,
e validation.

Laboratory tests of the authors are detailed in [37] [38] [49] literatures. A lot of
laboratory tests were performed, not only those the authors mentioned in this article.
Most of them were static and dynamic 3-point bending tests until breakage or
without breakage (in the elastic material behaviour range).
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FEM modelling was applied with simple 2-D models in Axis VM software.

Mathematical statistics ‘tools’ were used to determine simple mathematic
parameters, values (i.e. average, standard deviation, etc.) and to define their
adequacy. Regression calculations were applied to define and compose adequate and
applicable mathematical regression functions to be able to calculate values for
internal points from the trends or to be able to approximate the external points
(extrapolation).

For the FEM models calibration and validation steps had to be done to achieve
appropriate models that can be used for easy and quick calculations and avoid the
performance of expensive and time-consuming laboratory tests.

Again, the mathematical regression calculations were suitable to be able to
determine special equations with that the FEM calculations can be neglected in
determined value (parameter) interval(s).

3. Laboratory tests

In this chapter the authors’ own made laboratory tests are shortly introduced.
These tests were conducted on three different rail profiles: MAV 48.5, 54E1 (UIC54)
and 60E1 (UIC60), which were assembled by MAV-THERMIT Ltd. These
specimens were not the part of research and development made for MAV (Hungarian
Railways) between 2015 and 2017. These specimens are very new assembled ones,
especially for supplementary tests with more detailed measurements.

The details of laboratory tests’ parameters can be found in Table 1. [39].

Table 1. Calculated and applied bending moment values for GIRJs with three
different rail profiles

Rail profile | Bending moment [KNm]

60E1 42.63
54E1 40.85
MAV 48.5 34.71

The values of maximum concentrated vertical loads can be calculated from the
bending moment for each type of glued insulated rail joint and for each bay length
value (see eqg. (1)).

4-Mmax
Epax = - 1)

where
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Fmax is the value of maximum concentrated vertical load in kN unit,

Mmax is the value of maximum bending moment in kNm unit from
Table 1.,

L is the bay length (support bay length) of the specimen in m unit.

The relevant laboratory tests on glass-fibre reinforced fishplated glued insulated
rail joints are the followings related to the base of FEM modelling (the loading
assembly was symmetric):

static 3-point bending tests before fatigue tests (BF) — on 13 different bay
lengths, between 900 and 1490 mm with 50 mm steps (see Fig. 1.),
dynamic fatigue tests with steps of 0.5 million loading cycles on
1200 mm bay length,

after every 0.5 million loading cycles there were static 3-point bending
tests (without failure) up to 3.5 million loading cycles on the same bay
length as BF tests (AF) — it has to be mentioned that the measurements
after 3.0 million cycles have to be neglected because of inadequate test
set-up,

supplementary static 3-point bending tests after 3.5 million loading
cycles (AF) — on 6 different bay lengths, between 600 and 850 mm with
50 mm steps.

Figure 1.  Assemblage for loading the glued insulated rail joint
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From each measurement (static bending tests BF and AF) the authors recorded the
vertical loading force vs. vertical displacement of the middle bay point of the rail
joints graphs. (It has to be mentioned that at more points were the vertical
displacement values measured and recorded, but in this research they are not
considered.)

Because of the significant quantity of measured data, the authors don’t publish all
of them. They applied these data for the finite element modelling, in this way only
the obtained new parameters will be published based on the laboratory tests.

4. Finite element modelling

4.1. Short description of FEM modelling with Axis VM software

In the following paragraph the authors shortly describe the main characteristics of
Axis VM software [43].

It can be applied for the static, vibration, and buckling analysis of structures. At
every step of the modelling process, graphical verification of the user’s progress is
sent. Multilevel undo/redo command and on-line help is available. Static, vibration,
and buckling analysis are ensured.

Deformed and undeformed shape display, diagram, iso-line/surface plots,
animation, customizable tabular reports are possible ‘outputs’ of the analyses.

Axis VM software grants special visualization tools that let the user fast explain
the results, and numerical tools to search, report, and execute further calculations
using those results. The results are able to be applied to illustrate the deformed or
animated shape of the user’s geometry or the isoline/surface plots. Axis VM can
linearly compose or envelope the results.

Reporting is always part of the analysis, and a graphical user interface enhances
the process and simplifies the effort.
4.2. Parameters of FEM models

Only one data pair has to be registered and used for FEM modelling from the
laboratory tests from each measurement. It is the maximal vertical displacement
values of middle bay point due to the maximal loading force values (they are
calculated from the considered bending moment and bay length values [39].

The authors had to collect all of these data pairs to be able to apply them in FEM
models.

The simplified FEM model is a 2-D model, the characteristics are the following:
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e geometry:

— elements: simple line (beam) elements, the geometry is the same
as during laboratory tests,

— supports: two simple hinge supports,

— material: S235 type steel,

—  cross-section: exact rail profiles from CAD drawings,

— semi-rigid hinge: it substitutes the fishplated joint and its
mechanical behaviour,

e |oads:
— concentrated vertical forces as calculated from Zimmermann-
Eisenmann method (see Table 1. and Eq. (1)) [37] [38] [39],

e calculation method:
— simple static calculation with elastic material method,

e results:
— elastic deformation lines from them the vertical displacement
values of middle bay point are relevant.

4.3. Calibration and validation of FEM models

The FEM models have to be calibrated before their application. It means that there
should be more laboratory tests, measurements whose data have to be used for model
calibration.

The authors’ FEM models are simplified models. It means that only one parameter
has to be set during calibration: the hinge characteristic for rotation in the plane of
the beam. The symbol of this ‘rigidity’ is asrm (Srh means semi-rigid hinge), the unit
is KNm/rad. After calculation in Axis VM software there will be elastic deformation
line of the beam, the vertical displacement can be determined for each point of the
beam. The vertical deformation value of the middle bay point should be the same as
in the laboratory tests for each cases (each bay length, each rail profile, etc.) The o
parameter has to set (i.e. calibrated) with iteration until the before mentioned
displacement value is the same in FEM modelling as from laboratory tests. With this
procedure 13...16 asn values can be calculated for each loading status (i.e. for BF
and every AF step). For one kind of rail profile there are 7 loading status:

e BF,i.e. 0loading cycle (BF),
e AF related to 0.5 million loading cycles (AF(0.5M)),
o AF related to 1.0 million loading cycles (AF(1M)),
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e AF related to 1.5 million loading cycles (AF(1.5M)),
e AF related to 2.0 million loading cycles (AF(2M)),

e AF related to 2.5 million loading cycles (AF(2.5M)),
e AF related to 3.5 million loading cycles (AF(3.5M)).

Figure 2. shows an example about the FEM model in Axis VM software.

1 million loading cycles - 3696

54E1

1,200

1,700

Figure 2.  Schematic, semi-calibrated FEM model of glued insulated rail joint with
54E1 rail profile (L=1200 mm, AF(1M), asr=3696 kNm/rad)

The model validation was conducted with two methods:

e Case |., calibration with data related to static tests up to 2.5 million
fatigue cycle and validation of the measurements related to static tests
after 3.5 million loading cycle; as well as

e Case Il., calibration with data related to static tests with 3.5 million
fatigue cycle in the interval of support bays between 1000 and 1490 mm
and validation of the measurements related to static tests in the interval
of support bays between 600 and 950 mm.

In Tables 2-4 the values of a.sm parameter of investigated glued insulated rail joints
are represented. These values are calculated from Axis VM software, but it should
be mentioned that these are based on the laboratory test results, the FEM calculations
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were executed related to these vertical deflection values in the middle of the support
bay. It can be seen that the standard deviation values vary approx. between 3% and
12%, these relatively high values are because of the quality of the polymer composite
fishplates, glue material, assemblage, etc. It should be mentioned that these standard
deviations influence the calibration, validation and the final accuracy of built FEM
model.

Table 2. Values of asm parameter of investigated glued insulated rail joints (60E1
rail profile) calculated by Axis VM software

No. of loading

yelostvalucs BF | AF(05M) | AFAM) | AF(LEM) | AFM) | AF(25M) | AF(3.5M)
min. 6950 6700 6640 6390 6310 6170 5170
max. 10800 8320 7770 7600 7550 7470 7150
average 7978462 | 7464.615 | 7320769 | 7163.846 | 7096.154 | 6865.385 | 6271.053
standard 989.283 | 420290 | 347.886 | 356313 | 367.436 | 487.675 | 617.278
deviation

standard

deviation/ 1240% | 563% | 475% | 497% | 5.18% 7.10% 9.84%
average

Table 3. Values of asm parameter of investigated glued insulated rail joints (54E1
rail profile) calculated by Axis VM software

No. of

loading BF AF(05M) | AF(IM) | AF(L5M) | AF@M) | AF(25M) | AF(3.5M)
cycles/values

min. 4746 3740 3447 3426 3300 3267 3095
max. 5512 4133 3854 3780 3674 3545 3504
average 5162.385 | 3971.308 | 3683.538 | 3592.077 | 3459.308 | 3386.846 3236
standard 261943 | 120767 | 121.904 | 106.471 | 124.330 98.333 125.813
deviation

standard

deviation/ 5.07% 3.04% 3.31% 2.96% 3.59% 2.90% 3.89%
average

Table 4. Values of a5 parameter of investigated glued insulated rail joints (MAV
48.5 rail profile) calculated by Axis VM software

No. of

loading BF AF(0.5M) | AF(AM) | AF(1.5M) | AF(2M) | AF(2.5M) | AF(3.5M)
cycles/values

min. 4845 4376 4259 4220 3968 3667 3250
max. 6035 5035 4898 4693 4470 4457 3977
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average 5473.154 | 4737 4481615 4392 | 4201154 | 4040.769 | 3623.368
standard 356.348 | 207.150 | 180519 | 130.103 | 155162 | 231.602 | 167.628
deviation
standard
deviation/ 6.51% 4.37% 4.03% 2.96% 3.69% 5.73% 4.63%
average

In Figure 3. the trends of changing of average osn parameter as a function of
number of loading cycles in the whole measured interval are shown. It can be seen
that during the first 500,000 loading cycles there are a relatively rapid decrease of
ash (i.e. rapid deterioration of glued insulated rail joint) related to all of the
investigated rail joints, but after 500,000th loading cycle the trend changes to approx.
linear, as illustrated in Figures 3-4. It is very interested fact that specimen assembled
with 54E1 rail profile and related polymer composite fishplate is a little bit worse
than the specimen with MAV 48.5 rail profile, but the trend is consequent. It can be
due to the mentioned reasons.

9000
8000
7000

Average o, (KNm/rad)

Figure 3.

No. of loading cycles [pieces]

—e— MAV 48.5

54E1
60E1

------- Polynom. (MAV 48.5)
Polynom. (54E1)
Polynom. (60E1)

loading cycles in the whole measured interval
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Figure 4.  Trends of changing of average asm parameter as a function of number of
loading cycles between 500,000 and 3.5 million cycles

In Figure 5. the linear regression functions can be seen that are applied for
calibration Case I. (as earlier mentioned).

8000

7000 oo, V=-0.00028462x +7,609.07692308

=) R2=(0.97798903
£ 6000
g y =-0.00033458x + 4,872.38461538
Z 5000 R2 =0.98360651 —e— MAV 48.5
zsé 4000 ‘-s.‘____’___._-. —o— 54E1
) 3000 "y = _0,00027863x +4,036.56153846 —e— 60E1
g 2000 R*=0.93129162 «eeseee Lincar (MAV 48.5)
< 1000 EEEEEEEEEEER AR e Linear (54E1)
01— eeeeens Linear (60E1)
OGO O
S &S S

No. of loading cycles [pieces]

Figure 5.  Trends of changing of average asm parameter as a function of number of
loading cycles between 500,000 and 2.5 million cycles
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The values of calculated osn parameters for 3.5 million loading cycles (with

extrapolation) are represented in Table 5.

Table 5. The values of calculated o parameters for 3.5 million loading cycles

(with extrapolation)

waipotie | CANRET | g
60E1 6612.907 5.45%
54E1 3061.357 —5.40%
MAV 48.5 3701.355 2.15%

In case the semi rigid hinge of the beam models is set to values in Table 5. The
deviations from the measured values in reality were calculated and shown in Table 6.
This the result of calibration and validation of Case I.

Table 6. The values of calculated osm parameters for 3.5 million loading cycles

Rail profiles/ A
characteristics of 60E1 54E1 MAV
o 485
deviation values
min. -18.44% | 0.87% | —10.44%
max. 5.54% 12.15% | 4.89%
average —4.39% | 459% | -1.92%
standard deviation 7.29% 3.31% 3.63%

The higher deviation values in Table 6. (e.g. —18.44%, 12.15%) are related to the
small bay length values (600...850 mm).

In Case Il. the results (calibration and validation) are obtained published in
Tables 7-8.
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Table 7. The values of calculated asm parameters for 600...950 mm bay length
values (with statistical calculation)

Rail profiles/ 60E1 S4E1 MAYV 48.5

values
min. 5960 3095 3542
max. 7150 3374 3977

average 6655.455 | 3233.636 3717.182

standard 459.921 | 109.318 124.795
deviation

standard 6.91% 3.38% 3.36%
deviation/
average

Table 8. The deviations from the measured values in reality (validation related to
Case Il., the base of comparison is the vertical deflection values)

Rail profiles/ )
characteristics of 60E1 54E1 MAYV 48.5
deviation values
min. -18.89% | —3.25% | -10.76%
max. —4.42% 7.02% -1.48%
average -11.20% | 0.11% —4.85%
standard deviation 4.66% 4,03% 3.01%

5. Results

In Chapter 4. the authors showed the results of the calibration and validation
processes. The obtained broad interval of the accuracy (up to approx. 20%) is (or
can be) because of the the earlier mentioned reasons, i.e. the quality of the polymer
composite fishplates, glue material, assemblage, etc.

In the future the authors recommend to apply the average values of the Tables 2-4
for running FEM models.

Next to the calibration and validation results there are some interesting
supplementary results from the FEM modelling. A lot of calculations were
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performed in Axis VM software with the built model of glued insulated rail joints.
The o parameter was changed between 100 and 10% kNm/rad values.

In Figures 6-14. the authors introduce charts related to vertical displacement as a
function of bay length for different osm. In these figure some of them are shown
between 10% and 10% kNm/rad. It can be stated that the calculated points can be
approximated by power regression functions. One of the lines of a figure is the same
in the following figure related to each rail profile because in this way the difference
can be considered more accurate.
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Figure 6.  Vertical displacement as a function of bay length related to different asm
values (between 1000 and 10000) in case of fishplated rail joint with 60E1 rail
profile
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Figure 7. Vertical displacement as a function of bay length related to different asm
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rail profile
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Figure 8.  Vertical displacement as a function of bay length related to different asm
values (between 30000 and 1000000) in case of fishplated rail joint with 60E1

rail profile
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Figure 9.  Vertical displacement as a function of bay length related to different asm
values (between 1000 and 10000) in case of fishplated rail joint with 54E1 rail

profile
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Figure 10.  Vertical displacement as a function of bay length related to different asm
values (between 10000 and 30000) in case of fishplated rail joint with 54E1
rail profile

0 e  asrh=30000 kNm/rad
= 1.659
2000 / E? P %1?3:97 o Y =0.0046x"702¢ ® asrh=50000 kNm/rad
. y R o8, @ ash=100000 kNmirad
R2=0.9999 ® asrh=500000 kNm/rad
y = 0.0009x*-9689

1500

Vertical displacement [10-3 mm]

R=1 asrh=1000000 kNm/rad
1000 y=0.0008x19842  eeeeees Power (asrh=30000 kNm/rad)
RE=T Power (asth=50000 kNm/rad)
500 e.- «+ Power (asrh=100000 kNm/rad)
Lt e e e s e s e e s e ONON Power (asrh=500000 kNm/rad)
0600 800 1000 1200 1400 Power (asrh=1000000 kNm/rad)

Bay length [mm]

Figure 11.  Vertical displacement as a function of bay length related to different asm
values (between 30000 and 1000000) in case of fishplated rail joint with 54E1
rail profile
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Figure 12.  Vertical displacement as a function of bay length related to different asm
values (between 1000 and 10000) in case of fishplated rail joint with MAV
48.5 rail profile
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Figure 13.  Vertical displacement as a function of bay length related to different osm
values (between 10000 and 30000) in case of fishplated rail joint with MAV
48.5 rail profile
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Figure 14.  Vertical displacement as a function of bay length related to different osm
values (between 30000 and 1000000) in case of fishplated rail joint with MAV
48.5 rail profile

To be able to calculate much faster the asn parameters from vertical displacement
values, as well as vice versa the authors determined definite regression functions for
the range of agn from 100 to 30000. In the interval between 30000 and 10° the
determined regression functions are not enough accurate.

In Figure 15. there is a raw regression function related to fishplated rail joint with
60E1 rail profile and L=600 mm bay length for the whole 100...10% kNm/rad
interval.
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Figure 15.  Vertical displacement as a function of asm in case of fishplated rail joint
with 60E1 rail profile and L=600 mm bay length

In Figure 15. the determined power regression is not adequate for calculation
vertical displacement values with um accuracy. The solid line in Figure 15. is not
able to approximate any kind of definite regression functions with required
precision. The solution was the following: let calculate the logarithm (base: 10) of
both parameters, i.e. vertical displacement and osm. Figure 16. shows an example for
that related to the whole 100...10° kNm/rad interval. After trying the application of
this kind of regression function it had to be stated that the deviation is too high, and
the min. 102 mm accuracy can’t be guaranteed (um precision was neglected because
it is unreal requirement for this wide interval). The final solution was that only the
100...30000 kNm/rad range was considered and the polynomial regression functions
(with maximum 5th power) then calculated for all the cases (see Figure 17.).

It should be mentioned that in all published regression function the ‘x’ is the
independent factor and ‘y’ is the independent.

6
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2 y=-0.0063969315x° +0.1163202611x¢ - ****°"" Polynom. (L=600 mm)
0.7793576195x3 + 2.4838043477%2 -
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R2=0.9999902333

logyo (Ivertical displacement) [103 mm]
w

logyo aign [KNmM/rad]

Figure 16.  Logarithm (base: 10) of vertical displacement as a function of logarithm
(base: 10) asmn in case of fishplated rail joint with 60E1 rail profile and L=600
mm bay length related to asm=100...10° kNm/rad
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Figure 17.  Logarithm (base: 10) of vertical displacement as a function of logarithm
(base: 10) asrn in case of fishplated rail joint with 60E1 rail profile and L=600
mm bay length related to am=100...30000 kNm/rad

In Tables 9-23. the authors give all the applicable regression functions with the
determination of average deviation from the accurate value for the range
osrh=100...30000 kNm/rad. The unit of vertical displacement is 10 mm in the
equations.

Table 9. Calculated regression functions related to fishplated rail joints with 60E1
rail profile — Results I.

independent factor: logioasrn, dependent factor: independent factor: logio(vertical displacement),
logio(vertical displacement) dependent factor: logioasrh
regression function | R? average of deviation | regression function | R? average of deviation
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Calculated regression functions related to fishplated rail joints

Table 11.

with 60E1 rail profile — Results I11.

independent factor: logio(vertical displacement),

dependent factor: logioasrh

average of deviation

R2

regression function

independent factor: logioasrn, dependent factor:

loguo(vertical displacement)

average of deviation

R2

regression function
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Calculated regression functions related to fishplated rail joints

Table 12.

with 60E1 rail profile — Results IV.
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Calculated regression functions related to fishplated rail joints

Table 13.

with 60E1 rail profile — Results V.
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Calculated regression functions related to fishplated rail joints

Table 15.

with 54E1 rail profile — Results I1.
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Calculated regression functions related to fishplated rail joints

Table 16.

with 54E1 rail profile — Results I11.
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Calculated regression functions related to fishplated rail joints

Table 17.

with 54E1 rail profile — Results IV.
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Calculated regression functions related to fishplated rail joints

Table 18.

with 54E1 rail profile — Results V.
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Calculated regression functions related to fishplated rail joints
with MAV 48.5 rail profile — Results 1.

Table 20.

<

[

£

8 |y %2280025700°0 %222S67T500°0 %¥TrPT2T900°0 %7260T28900°0

(] c
= R
2 3T 8
= glo >
ERSER

oL
8 1¥29296666°0 = 2 GZV8156666'0 = 2 G8E6676666°0 = 2 G/6/E76666°0 = 2
28 &
ol

£ m T169999€L0€° LT TY0¥8980v8°582 959/0£22.8'82€ 02225T¥662 L€
£ g + XTOES0E8EST ¥0E + X¥Z6/6990£0°05€ +X/196..0666 007 + X/9%070T89Z ¥SY
g — ZvXG15089120L 25T — ZuXS8Y8EI0ITY VLT — ZuX¥ZE8ZIE08Y 86T — ZuX9ZETTIBTYE €2C
m 5. + EVXE/ 18822898 + EVXBET6Y98.8Y EY + EVX9EYL0EL6TT 6 + EvXZ8Z6925788 S
s |8 — YvXL0€659.708 Y + — PVXEIVBLETEOY'S + — pvXy985097850°9 + — #vX0LT198022.L'9 +
B |58l SvX8990/9/6€20-=A GvX886£026292°0— = A GVXG8Y6£6..62°0— = A GVXBSTGSTT8ZE 0~ = A
—- L S

m

3

bl P %678£€70000°0 %6290220000°0 %8T525T0000°0 %0TSETE0000°0

s lab

T e o=

$S388

FE|IL3D

- g|lc o

=8

§ 3 _ _ . .

R 0£T9666666'0 = 2 G025666666'0 = 2 G0%9666666'0 = 2 6779666666'0 = 2
8=l &

=

m wm\ 1G5ZE9TH0Z'6 €2LYTELT6E'6 6.6T98T09Y'6 Y66225v95'6

£ 5 + X6Z6ECETBYT'S +X89G8/22TrY'S +X99/00T9EES'S +X255058T069°S
m = — ZuXL0LY0L¥8E8'T — ZuX8986.6ELY0E — ZuXTL0STO9YCT'E — ZuX€S860VZYYZ €
s |5 + EVX00TTLT6TYE'0 + EVX/BIEELZSTO'T + EvXG0LZEVEIVO'T + EVXLEGYPEZTBO'T
s m S — YVXZEBEOVBEYT O + ~ $vX900218529T 0 + ~ PuXTE9Z82G89T 0 + ~ PvXG20S0089.T°0 +
B |£8| swx6TTreess000-=4 GvX8206089600°0— = A GUXTT99¥TTOTO0— = A GvXZ2990690T0°0— = A

L2

ww 008=1

wuw 058=1

ww 006="1

ww 056="1

74



average of
deviation

%85¢.199.00°0

%85¢.199.00°0

%S96T.75600°0

%TTTES090T0°0

€¢¢€L€6666°0 = zd

17916¢6666°0 = zd

8GGT¢C6666°0 =2

908¢€T6666°0 = zd

independent factor: logio(vertical displacement),
dependent factor: logioasth

regression
function

668L9€T.8L €TV
+Xy09//89926'TTS

— TvX¥SY982TLL0°0GC
+ EVXEVETBLGEYD TY

~ puXT980TSS9ZY L +
GvX09T000T09E 0~ = A

07656..660'8L1
+ X¢9¥.6595806'7.LS
— CvXBTLIEETIVT 6LC
+ EvX0TC6TEOTTL L9
— PvX8T99T19098T°8 +
GVXGES9SSYEE0— = A

G6SV.LTSTIV'SES
+ Xy0885.906°019
— CvXECBTYILYIE 60€
+ EvX9EGBTLC985 VL
— PvX6¢G¢Ci8296'8 +
GuXPYS600€62y0- = A

¥20560.666'66S
+ XG9¥6TTT9E0'GTL
— CvXOVYYTT0LSC EVE
+ EvX8TT618068¢¢8
— 7vX00TYT9CER'6 +
GvX82G8LTE89Y 0~ = A

average of

deviation

%L0€6620000°0

%9960.20000°0

%0.¢..T0000°0

%S.58120000°0

with MAV 48.5 rail profile — Results I11.

62996666660 = zd

€€/9666666'0 = zd

1696666660 = zd

€669666666'0 = zd

Calculated regression functions related to fishplated rail joints

A. Németh et al. — Acta Technica Jaurinensis, Vol. 13, No. 1, pp. 42-84, 2020
logio(vertical displacement)

independent factor: logioasrh, dependent factor:

regression
function

GEE8ETEN89'6
+XTG82€80.98'G
~ ZvX80LY6629.E°E
+ EVXOEYTELLEET T
~ vXy8ES6ESSET 0 +
GVX9S/¥S62TT00— = A

Y6£596867.°6
+XT06.882.96'G
~ TvXT0L8TrYLSY'E
+EuX0Z8T98LTLTT
~ #XyTG98S9T6T 0 +
GuXZT608ELTTO0— = A

G9T0L6TL08'6
+XT52860670°9
~ TVX¥E26256925°E
+ EuX¥898012002°T
~ PX6LTTESTLOT O +
GuXPZorTSTZT100- = A

8TE0Z6EY98°6
+X298200982T'9
— ZvXG8TS5/226G°E
+ EvXZ008TTH9Z2'T
~ PuXGETOYEEZO0Z 0 +
GVXPBELEZGCTO 0~ = A

Table 21.

ww 000T=1

ww 0S0T=1

wuw 00TT=1

ww osTT=1

75




average of
deviation

%L60TE6STTO0

%¢/€98.2¢10°0

%¢/€58.2¢10°0

%0.5822¢S10°0

€487506666°0 = zd

€1E¥568666°0 = zd

¢¢90588666°0 = 2

S0075.8666°0 = zd

independent factor: logio(vertical displacement),
dependent factor: logioasth

regression
function

G¥806T#T95°999
+XT.TS66826. 06
— ZvX/BETTB989G°LLE
+ €vX996.2T12T0°06
~ uXTLYPZT0969°0T +
GVXEYBS059906°0— = A

606€09.YYT'6EL
+X6578.22050°€.8
—¢vX60L.T088S9 V1V
+ EVXTY6.LYE6TCE 86
— PvX€0S8TYS0C9TT +
GuXVSeeTeYLYS0- = A

vYTS086v68°STS
+X/TEEL50869'656

— ZvXGTT20ESE09°ESY

+ EvX8LT.L9¥5920°L0T

~ puX/69E9€9/8G°TT +
GVX£09800206G°0— = A

98092.5.79°'868
+ X0¥¥99%9289'250'T
— ZvX¥260E2268T 567
+ EvX089T628222'9TT
~ #vX695822Z609°ET +
GuXT8821505€9°0— = A

average of

deviation

%€EBLE00000°0

%T165€.70000°0

%€v.¥€20000°0

%€009000000°0

with MAV 48.5 rail profile — Results IV.

91¥.6666660 = zd

095€666666'0 = zd

8166666660 = zd

6¥8.6666660 = zd

Calculated regression functions related to fishplated rail joints

A. Németh et al. — Acta Technica Jaurinensis, Vol. 13, No. 1, pp. 42-84, 2020
logio(vertical displacement)

independent factor: logioasrh, dependent factor:

regression
function

2998205.16'6
+ XELVYTHOV0Z'9
~ 2vX80Y0T00959°E
+ EVXZYSOTLY2ST T
~ PuXTZ6YELVLOT'0 +
GVX056TS062T0°0— = A

G87/6692.T°0T
+XGY0£606.85°9
~ ZVXEEY088IT06'E
+ EuXT2r/5280€€'T
~ vXGSTL6S66TZ 0 +
GuXF9EBTBIETO 0~ = A

£T108T5256'6
+X€.522T6T02°9
~ ZvXZY9T29E089°E
+€vX90T62250.2°T
~ vX1886152212°0 +
GuX//29TZEETO0— = A

0009T#Z196°6
+XT256/80952'9
~ TWXTTYST8TYTL'E
+ EvXEY2S290982'T
~ #vXG9987855TZ°0 +
GVXT99ZE8GETO'0~ = A

Table 22.

ww 00¢T=1

ww 05eT=1

wuw 00eT="1

ww 0seT="1

76




A. Németh et al. — Acta Technica Jaurinensis, Vol. 13, No. 1, pp. 42-84, 2020

Table 23. Calculated regression functions related to fishplated rail joints

with MAV 48.5 rail profile — Results V.
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logio(vertical displacement) dependent factor: logioasrh
regression R? average of regression R? average of
function deviation function deviation
< <
x | © < + |+ N~
St 3 L O 9 X
S¥ oot = B ExSsde| & 2
1S — X << x W > > © X X X2~ 1 o
I 04X XS S 2 589d 168 © ©
~N~~o0omd > o wgmv\mo 8 ~
=} NSRS R > =} SoL5o& ) IN
o o) S @ > o
™ ONOod ~NO o ©
3 Hﬁmmog = =3 ,\gq.mgm I 2
1 QNS N o S ©Co2X~Y o =1
- S58838 s 1l S SeZFNZ 1 o
NS TN o o o o QAW g o o
s NN g o < 150 5 o 14
> o™ S Qo™
+ + <o
$ 2
|
X | ) < + 1+ )
< + | 3 X OB o o 3 X
ST mwa t 3 S 2280 0 =
13 I X< x® = o dX X X5 g o
£ LEISIN S 3 NN 2 Y
g| gSgs8g88| 2 2 338288 | 8 g
£2] R R NE=R N e S ~NOSmAI3a = el
— JdogyQqd : S NY S ®n o : ~
I S owar~d o S ~QT N © o <
- SYBIPES I S cmIB8ew I o
'N e o dao N S} IS eadly o =}
g NGO g o w5 m QS o
=T dm SO P N
+ + <0
Q 2
|
< | ® < + 1+ [=2]
— + | r~ o S o [52) o
ST oo t @ £ 22X 2 S
1S o X< x® > > N B X X o m R =
E| 3853533 8 5 BE8EI8| 3 9
o OCFMARD I e s ~ D003 o X 3
=4 QOR © O =3 = (R RCRCRCEN > S
=4 Mo NN D a =) NS MO s > =
S S~ d 2 > ©F[2Q ;YN H >
I SOodNNG =] S NP3~~~ =} <
- SRS S RN I S SO~ I o
NN ® © S o ~ S e 5o oWy o =)
SNG4 x eI 28 &
>C dm©@ S=a3go0d
+ + —©

6. Conclusions

The authors introduced and detailed a possibility to be able to model glued
insulated rail joints in FEM software. A simple 2-D FEM model was applied for all
the cases that has only one factor to be set. This factor is the o rigidity of the semi-
rigid hinge that simulates the rotation (bending) behaviour of the fishplated rail joints
in the middle zone. Only the investigated glued insulated rail joints with glass-fibre
reinforced fishplates were considered in this article.

A lot of running and a very long, time consuming calibration process had to be
executed.

77



A. Németh et al. — Acta Technica Jaurinensis, Vol. 13, No. 1, pp. 42-84, 2020

After calibration the models should be validated. The authors use two different
validation methods (cases). The built and calibrated FEM models were able to be
validated.

The authors determined and published special regression functions:
e vertical displacement vs. bay lengths for different o values,
e vertical displacement vs. asm values for different bay lengths,
e agn Values vs. vertical displacement for different bay lengths.
These can be used for quick calculation without FEM simulations.

In the future the authors would like to expand this method for model not only
polymer-composite fishplated glued insulated rail joints but with steel fishplates, as
well as insulated rail joints (i.e. without glue), etc. The results can be compared on
wider range than from the laboratory tests. There is other plan to compose FEM
models to be able to simulate longer railway track sections with different support
characteristics. The results from the longer railway tracks’ FEM model are able to
be set against the field tests [39] [40] [41] [44].
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