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Abstract: The correct operation of the continuous welded track requires diagnosing its condition
and preparation of track metrics requiring measurements of displacements of rail under operation.
This is required as there are additional thermal stresses in the rails with values depending on the
temperature changes of the rails. Therefore, the climatic conditions are important. This paper
presents the original effective analytical method for diagnosing the condition of continuous welded
track based on experimental research. The method allows for an appropriate repair or maintenance
recommendation. In the experimental research, the authors considered track diagnostic conditions
for two conditions: track under load and track without load. This paper presents empirical formulas
for calculating rail temperature and longitudinal force based on ambient temperature, developed
from long-term measurements. The formulas were developed for a track located on a straight
section—both for a rail loaded and unloaded with a passing train under the following conditions:
60E1 rail, not on an engineering structure, conventional surface, wooden sleepers and very high train
traffic load. The obtained results in the value of the correlation coefficient R* > 0.995 attest to very
high accuracy of the calculations performed with the method proposed by the authors.

Keywords: continuous welded track; experimental research; diagnosis method; measurements; method

1. Introduction

In the second half of the twentieth century, the classic track began to be replaced
by a continuous welded track. It provided great savings in materials by eliminating rail
joints, which were replaced by welding or termite welding of the rail ends. A continuous
welded track is currently laid on both the main track and the secondary track and that of
local importance. This has the advantage that there are no rail joints as places of increased
impact, resulting in increased track deformation and wear on the track superstructure
components. In the case of a continuous welded track, the costs of its maintenance are
about 25% lower than those of a classic track [1]. There is also significantly less wear and
tear on vehicles and traction energy consumption [2], with better ride smoothness and
less noise [3]. The interest in the issue of continuous welded track is connected, among
others, with the change in operating conditions of modern railway by increasing the speed
of passenger trains and the permissible axle loads on the rails. The continuous welded
track, in comparison with the classic track, provides better ride smoothness together with a
reduction of the acoustic wave emission associated with the passage of the train.

Maintenance of the continuous welded track is less labor-intensive compared to the
conventional track [4]. In a classic track, a lot of work is required to adjust clearances,
inspect the rail joint bar spaces and tamp the joints. All of these activities have been
eliminated in continuous welded track maintenance. However, the correct operation of
the continuous welded track requires diagnosing [5] its condition and preparation of
track metrics requiring measurements of displacements of rail under operation. This is
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required as there are additional thermal stresses in the rails of the continuous welded track
with values depending on the temperature changes of the rails. Therefore, the climatic
conditions in the areas where these tracks are operated are important.

As aresult of global warming, unexpected weather anomalies may occur in the form of
sudden drops in temperatures in winter, even to values much lower than before. Negligent
maintenance of the continuous welded track can in such cases lead to rail cracking causing
major disruption to the train traffic but more importantly to the safe running of trains
(Figures 1 and 2) [6]. Therefore, it is important to have a closer understanding of the causes
that lead to rail cracking at both low and high temperatures.

Figure 1. Rail cracking due to low temperatures (source: photo made by Jacek Makowski).

Figure 2. Track buckling due to high temperatures (source: [7]).
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Winter rail cracking is caused by the occurrence of high tensile stresses, even exceeding
4000 kg/cm?. Low temperature also contributes to lowering the impact strength of steel.
The occurrence of a crack causes changes in the values of thermal forces in rails over a
considerable length. Negative temperatures make the rail work in a stressed state and
tend to shrink. This shrinkage is counteracted by the longitudinal resistance of the track,
which balances the tensile thermal force over a certain distance. For this reason, as already
mentioned, a very important element in the process of maintaining the continuous welded
track is its diagnostics and monitoring of the state of longitudinal forces or rail temperature.

Diagnostics of a continuous welded track consists mainly of a thorough observation of
the track, keeping records and writing down defects noticed, together with giving a dead-
line for the rectification thereof. In addition to the diagnostics performed by supervisors
and diagnosticians (visual diagnostics), defectoscopic measurements of the rails are also
performed to detect fatigue defects and internal cracks in the rail material, which allows
for their quick rectification [8]. Individual railway authorities have their own maintenance
procedures for a continuous welded track. There is no information in the literature on an
effective method (with mathematical notation) for diagnosing the condition of a continu-
ous welded track that would allow assessment of the influence of track condition on the
possibility of an adverse event.

The authors of this paper proposed an original effective method of diagnosing the
continuous welded track condition, based on the use of analytical formulas and mea-
surements with extensometers, which can be replaced by using empirical formulas. The
method makes it possible to indicate appropriate repair or maintenance recommendations
by diagnosing the track both under load and without load. Due to the difficulty of making
measurements in an active railway track, the authors proposed empirical formulas to
calculate rail temperature and longitudinal force based on ambient temperature developed
from long-term measurements. The use of original formulas allows one to reduce the
duration of the diagnosis process, to prevent buckling of the continuous welded track [9],
and thus to reduce the cost of maintenance and repair of damage resulting from buckling of
the continuous welded track. These two elements (an effective analytical diagnosis method
with mathematical notation and empirical formulas for determining rail temperature and
longitudinal force from ambient temperature) are important research contributions to the
field of continuous welded track diagnosis.

The article is divided into six sections. The first section presents a critical review of the
literature on continuous welded track—its operation and diagnosis. The theoretical basis
for the stresses occurring in the continuous welded track is also presented. The next one
contains a description of the continuous welded track condition diagnosis method based on
experimental tests (measurements)—verbal and mathematical. The third part of the article
presents the characteristics of the area where temperature and longitudinal forces were
measured, together with the measurement tools. Then the results of measurements made in
real traffic conditions are presented. These have become the basis for developing empirical
formulas to calculate rail temperature and longitudinal force from ambient temperature.
The last part of the article presents a discussion of the results obtained and a summary
of the considerations carried out in this work and the conclusions. Recommendations on
the directions of further research in the field of continuous welded track diagnostics are
also included.

2. Literature Review

The subject of research on the continuous welded track was and is taken up by many
research and development centers in Poland and abroad. The research included issues
related to: stresses in the rail [10], measurement of longitudinal forces based on the rail
deflection [11], temperature measurements [12,13], prevention of track buckling [14,15],
stability analyses in different situations (e.g., for a specific type of railroad bed [16,17]),
interaction between the track and the bridge [18], vibration problems [19] or mathematical
modeling of different problems concerning the continuous welded track [20]. In Poland,
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work on a continuous welded track was carried out by, among others, Czyczula et al. [21]
(interaction between continuous welded track and engineering structure), Towpik [22]
(stress and longitudinal force tests), Koc and Wilk [23] (longitudinal force measurements)
and Bednarek [24] (continuous welded track modeling).

The determination of the actual stress distributions occurring in the rails of the con-
tinuous welded track during its operation has been and still is one of the most difficult
diagnostic tasks, since no measurement method has been developed so far that would en-
able direct assessment of the magnitude and distribution of stresses without the knowledge
of their initial state. Measurements with mechanical and mechanical-optical extensometers
have been used for many years. The method that requires measurement of the rail temper-
ature and determination of the temperature difference between the zero condition and the
assessed condition is also applied for the assessment of the changes in the natural tempera-
ture of the rail. It is laborious and not very accurate due to difficulties in reconstruction of
the control cross-sections and errors made in assessment of the position of fixed points.

The search for the possibility of measuring the stresses (longitudinal forces) occurring
in continuous welded rails is still very much in progress. This applies in particular to the
measurement of longitudinal forces based on the deflection of the rail under point loads.
In the paper [25] the authors indicated, on the basis of their research, that the measurement
significantly depends on the structural damping in the rail-sleeper system. Interesting
research on the measurement of vibrations of a pulse-excited rail using the dependence
of the excitation wave speed on the amount of stress in the rail has been presented by the
authors [26]. Unfortunately, this approach could not be used in an operating track.

The evaluation of stresses based on changes in the magnetic properties of rail steel
causing a change in the magnetic hysteresis surface area was made by the authors of the
paper [27]. The measure of stress in this method was the so-called anisotropy coefficient
of the hysteresis loop area, and this measurement was only possible under laboratory
conditions due to interference. Another method of measurement was the evaluation of the
stresses by measuring the Barkhausen noise [28] and X-ray diffraction. This evaluation
depended on the surface condition of the rail and required that material identical to the
material of the rail under test be marked on the samples. In addition, it required knowledge
of the level of residual stresses present in the rail. An important group of measurement
methods are the magneto-elastic methods (Railscan [29] and Railtest [30]), using the relation
between the magnetic properties of the rail steel and the stress condition. They allowed
one to obtain results that depended on the type of rail steel and the condition of residual
stresses in the rail. An important achievement in the field of continuous welded track
diagnostics was the application of ultrasonic stress measurement (DEBRO system [31]),
using the elastoacoustic phenomena (dependence of the ultrasonic wave speed on the stress
condition). This method was applied to the in situ testing of the continuous welded track. It
allows the evaluation of the near-surface stresses at the perimeter of the rail. It has a wider
range of application, because it was also used to test, among other things, the variability of
stress distribution in the continuous welded rails during the execution of surface repairs
and in the first period of operation after repairs. Conducting research with the use of this
method it was found that the locally occurring significant stress increments, often at the
level of several dozen MPa, in the unfavorable case of summation with internal stresses and
stresses caused by operating forces may jeopardize the stability of the continuous welded
track’s operation [32]. The development of technology has also led to the start of using the
invented technologies also in the diagnostics of continuous welded track. Long-distance
fiber optic sensor measurements using Rayleigh and Brillouin backscattering have been
initiated [33] and longitudinal force measurements using bidirectional fiber optic Bragg
stress sensors (B-FBGs) [34].

Research carried out in 2016 in Japan [35] indicates that it is possible to exploit the
relationship that exists between the stress state of the rails and the internal vibrations of
the surface structure. However, these vibrations may vary along the length of the track
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depending on the condition of the bedding, fixings and sleepers. Therefore, the finite
element model (FEM) analysis [36] was used here to correct measurement errors.

The impossibility of direct measurement of stresses in the rails of a continuous welded
track in the absence of a reference state makes railway authorities begin to use instruments
for continuous monitoring of the magnitude of longitudinal forces in the rails, the tem-
perature of the rail and changes in the value of their neutral temperature in operation.
Mounted on the rails, they transmit information on the risk of track buckling or the fact of
rail cracking.

One of the research areas undertaken in the research work was the theoretical analysis
of the phenomena of displacement of the continuous welded track ends [37]. The concepts
of rail temperature are defined [38,39]:

Average rail temperature T,

Nominal rail temperature Ts—the most advantageous from the point of view of rail

attachment to sleepers, with a value higher than the average temperature by 1-10 °C,
e  The temperature of the rail lay Ty corresponding to the temperature of the rails after

they have been unloaded and placed on the sleepers but before they are attached,

Rail attachment temperature T}, and its range (Ts + 3 °C),

Neutral temperature T, at which no thermal stresses occur in the rail.

Such great interest in the problem of continuous welded track involves, among other
things, the change in the operating conditions of railway transport. This is determined
by the increasing speeds in passenger traffic, in European conditions expressed by the
construction of new and expansion of existing high-speed lines, and in freight traffic by
increasing axle loads and travel speeds. A peculiarity of the continuous welded track is the
thermal stresses that occur in the rails when the length of the rail cannot be changed. The
magnitude of these stresses o may be calculated from relation (1) [22]:

o =a-E-AT, (MPa), )

where:

x—thermal expansion coefficient of the rail steel (1/°C),

E—Young modulus of steel (MPa),

AT,—temperature difference of the rail in relation to the neutral temperature (temper-
ature at which there is no thermal stress in the rail) (°C).

The magnitude of the longitudinal thermal force in the track, depending on the rail
type, is given by expression (2) [22]:

F,=2-a-E-A-AT, =2-0- A (kN), @)

where:

e  A—rail cross-section area (m?),
e  Other symbols as in formula (1).

Under European climatic conditions, for extreme values of AT, the compressive or
tensile strength in the central part of the continuous welded track, where changing the
length of the rails is not possible, may reach 1600 kN in both rails and the stresses in the
rail may exceed 100 MPa. With temperature changes, rail movements (lengthening or
shortening) are possible only at both ends of the continuous welded track section, at a
length that balances longitudinal forces with longitudinal track resistance. The phenomena
observed during operation beyond the end sections, in the central zone of the continuous
welded track, are primarily the longitudinal displacements (creeping) of the rails and
the local horizontal and vertical deformations of the track increasing over time. These
phenomena of rheological nature may lead to a reduction or even loss of stability by
the continuous welded track. Increasingly, such tests are performed using the FEM. The
paper [40] presents a computational model used to analyze the stability of welded rails of a
continuous welded track, which takes into account all the elements of the railroad surface
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and the influence of thermal stresses. The influence of the lateral resistance of the bedding
was also investigated [41] and the influence of initial bending deformations on the stability
of the continuous welded track. In turn, articles [42-44] present the problem of thermal
buckling of the continuous welded track. For this purpose, a parametric finite element
model was used taking into account the methodology of creating a misalignment defect.
This takes into account the natural bending stiffness of the entire track in the horizontal
plane. Similar research can be found in the paper [45].

The paper [46] presents a comparison of static and dynamic buckling of the track
by using a dynamic model of the railway track. Static and dynamic thermal analyses
for steady state motion of a wagon at constant speed, dynamic analyses for a wagon
with damaged rolling (or driving) wheels during braking and dynamic analyses for a
wagon with non-circular damaged wheels during braking were performed. A sensitivity
analysis of the relevant parameters is also presented. The conclusions are interesting
because it was found that train loads can significantly change the buckling temperature.
The paper [47] shows that under thermal loading, which occurs in practice, the response is
through buckling to a distant stable path. The effects of lateral and longitudinal bedding
resistance are quantified [48]. It is also shown that lateral resistance is dominant compared
to longitudinal resistance. Additionally, the influence of lateral track imperfections may
have a significant impact on the critical temperature.

As indicated above, many methods have been described in the literature for diag-
nosing the condition of a continuous welded track. These methods are mainly based on
the use of physical phenomena. However, significantly, most of them did not allow the
parameters to be tested while trains were running, which necessitates closing the track
for testing. This results in various disruptions to train traffic and forces the infrastructure
manager to change the timetable. In the case of a double-track line this only affects the
flow of traffic, whereas in the case of a single-track line it forces the operators to organize
substitute transport.

Taking the above into account, the authors of this paper proposed a method based
on experimental research, which can be applied to tracks both without and with train
traffic load.

3. Description of the Method of Continuous Welded Track Condition Diagnosis Based
on Experimental Tests (Measurements)

3.1. Assumptions of the Method

The paper presents a method for diagnosing the state of the continuous welded track
based on experimental tests (measurements). The effect of the method is to indicate a repair
or maintenance recommendation to be implemented immediately at the site of the adverse
event. The method considers diagnostic conditions for a track that is both under train
traffic load and under no load. One of the elements of the method is to make measurements
in the active railway track and to refer them to normative values. The authors proposed
to replace making measurements by using empirical formulas, developed on the basis of
long-term measurements made. The formulas are presented in Section 6 of this article.

A scheme of the continuous welded track condition diagnosis method based on
experimental tests (measurements) is shown at Figure 3.
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Figure 3. Scheme of the continuous welded track condition diagnosis method based on experimental
tests (measurements) (source: own work).

The method of the continuous welded track condition diagnosis based on experimental
tests (measurements) (see Figure 3) can be presented as follows:

e  Step 1: the infrastructure manager’s unit responsible for continuous welded track
maintenance receives a message from a duty manager/dispatcher, based on informa-
tion from the driver, about the possibility of occurrence of an adverse event that may
have a direct impact on railway traffic safety; then proceed to step 2,

e  Step 2: the infrastructure manager’s unit responsible for continuous welded track
maintenance confirms the occurrence of the adverse event (usually by visual inspection
of the site) and estimates the degree of urgency to remedy it (taking into account the
traffic load on the site, the probability of primary and secondary delays, etc.); then
proceed to step 3,

e  Step 3: Confirmation of the adverse event takes place; if the event has been confirmed
then proceed to step 4, otherwise the method ends,
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e  Step 4: The urgency of the repair is determined; if the urgency is high then proceed to
step 5, otherwise proceed to step 7,

e  Step 5: if the repair is urgent, there is no time to make measurements on the ground
to determine which type of repair or maintenance recommendation to implement;
it is therefore proposed to use analytical relationships to determine the value of the
longitudinal force and the temperature of the rail based on the analytical formulas
proposed by the authors—see Section 6 of the article—and to make a choice on that
basis; however, it is first necessary to proceed to step 6,

e  Step 6: a verification is made to see if the values of longitudinal force and rail tempera-
ture obtained from the analytical calculations are correct according to the maintenance
unit, if so, proceed to step 8, otherwise proceed to step 7,

e Step 7: if there is relatively much time to correct the failure or the results of the
analytical calculations performed in Step 5 are not satisfactory, the longitudinal force
and temperature of the rail on the ground should be measured using an extensometer
and a thermometer; then proceed to step 8,

e  Step 8: The longitudinal force and rail temperature values obtained by calculation
or measurement should be placed into the analytical formulas in Section 3.3 of this
article, which contain normative values that allow reference to the set values that
allow qualification for implementation of a specific repair or maintenance measure;
then proceed to step 9,

e  Step 9: Based on the formulas in Section 3.3, select the appropriate repair or mainte-
nance recommendation for the values measured; then proceed to step 10,

e  Step 10: The identified repair or maintenance recommendation should be implemented
on the ground; the next step is step 11,

e Step 11: After implementing a repair or maintenance recommendation, conduct
continuous monitoring of the adverse event site; then proceed to step 12,

e  Step 12: the infrastructure manager’s unit responsible for continuous welded track
maintenance establishes whether the implemented recommendation has had a positive
impact; if so, the procedure ends, otherwise proceed to step 2.

3.2. Parameter Record
To define the method correctly, it is necessary to specify the values of the following
parameters:
N - a set of repair and maintenance recommendations, N = {n Tn= ﬁ}, where:

1—immediate repair, 2—speed limit, 3—planned repair, 4—standard track
supervision, 5—additional track supervision including dangerous places,

n - recommendation number, n € N,

i - event number (current or potential), i € I,

Ik - railway line number, Ik € LK,

km - position of the event on railway line Ik (km € <0,l>, Ip—length of the line Ik,

t - railway line track number Ik, t € T,

ts - rail number,

lok - the location vector of the event occurrence, lok = [i,lk,km,t,ts],

totocz  — value of the ambient temperature at the site of the event lok (°C),

Ny - value of the coefficient of thermal expansion of the rail steel at the event location lok
(1/°0),

r - value of the curve radius at the event location lok (m),

oi -  parameter specifying whether the event has occurred at the engineering structure, if
yes: oi = 1, otherwise 0i = 0,

naw —  parameter which specifies whether the event has occurred on a conventional
surface, if yes: naw = 1, otherwise naw = 0,

podk -  parameter specifying whether the event took place on concrete sleepers, if yes: podk

=1, otherwise (on wooden sleepers) podk = 0.
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3.3. Record of Measured and Normative Parameters

One of the elements of the method is taking measurements at the site of the event. The
values obtained during the measurements will then be referred to the normative values.
The following values are sought:

F,° - the value of the longitudinal force in the rail under load at the location of the event
lok (when measurements are taken, the following must also be recorded t,focz, ®sz,
1, 01, naw, podk) (kN),
pro - value of the longitudinal force in the unloaded rail at the location of the event lok
(when measurements are taken, the following must additionally be recorded t,tocz,
sz, 1, 01, naw, podk) (kN),
T,° - value of the temperature of the rail under load at the location of the event lok
(when measurements are taken, the following must additionally be recorded t,tocz,
Ksz, 1, 0i, naw, podk) (°C),
pro — value of the unloaded rail temperature at the location of the event lok (when
measurements are taken, the following must additionally be recorded tytocz, sz, 7,
oi, naw, podk) (°C).
As mentioned above, the appropriate type of repair or maintenance recommendation
is sought for the event location lok. In order to make an appropriate repair or maintenance

recommendation, the measured values at the location of event lok should be referred to
normative values.

Fp,n"'m"” - minimum value of the longitudinal force in the rail under load, allowing the
effects of the event to be qualified for recommendation number 1 (kN),
Fp oM - the maximum value of the longitudinal force in the rail under load, allowing

the effects of the event to be qualified for recommendation number n (kN),

F p,nb"'mi” -  minimum value of the longitudinal force in the unloaded rail, allowing the
effects of the event to be qualified for recommendation number 1 (kN),
Fpn bo,max - the maximum value of the longitudinal force in the unloaded rail, allowing the

effects of the event to be qualified for recommendation number 1 (kN),
Ty - minimum value of the temperature in the rail under load, allowing the effects
of the event to be qualified for recommendation number n (°C),

Ty - maximum value of the temperature in the rail under load, allowing the effects
of the event to be qualified for recommendation number 1 (°C),

Typn bo,min - minimum value of the temperature in the unloaded rail, allowing the effects of
the event to be qualified for recommendation number 1 (°C),

Tp,nh"”"’”‘ - maximum value of the temperature in the unloaded rail, allowing the effects

of the event to be qualified for recommendation number # (°C).

If the conditions are simultaneously satisfied for a given lok:

Fy™ < F§ < Fp®™

bo,min bo bo,max
F pmn <F [ <F pn

ToN < Tg < TN

bo,min bo bo,max
Tp,n < Tp < Tp,n

®)

then the maintenance or repair recommendation 7 should be carried out. Otherwise, when
the obtained values are lower or higher than the normative values allowing the event to be
qualified as category n, the conditions for other recommendations #n should be checked.
This is illustrated in Figure 4.
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Figure 4. Conditions for implementing appropriate maintenance or repair recommendations (source:
own work).

Depending on which of the ranges 4, b, ¢, d and e the results obtained from the
measurements fall into, we will obtain an array of n values for each measurement. Of
course, the distribution of ranges for each parameter is different.

Formulas for selecting an appropriate repair or maintenance recommendation on the
basis of measurements or analytical calculations of the longitudinal force under train traffic
load are presented in formula (4).

1 if F9>F
2 if Fye(F,F)
n(Pg): 3 if Fye(F,E) )
4 if Fe(F, F)
5 if F;,7<Fe

Formulas for selecting an appropriate repair or maintenance recommendation on the
basis of measurements or analytical calculations of the longitudinal force without train
traffic load are presented in formula (5).

1 if F°>F
2 if FPe (R, F)
n(F};O) ={ 3 if Fre(F,F) )
4 if FP e (F, F
5 if F<F

Formulas for selecting an appropriate repair or maintenance recommendation based
on measurements or analytical calculations of rail temperature under train traffic load are
presented in formula (6).

1 if Tz > ThZ\/Tg < Ty
2 if Tpe(Tp, Ta) U(Te, Tn)
n(T;;) - 3 if T9e (T, Tn) U(Tp Ta) ®)
4 if Tp € (Tn, Tan) U(Te2, Ti)
5 if T9 € (T, Ta)
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Formulas for selecting an appropriate repair or maintenance recommendation based
on measurements or analytical calculations of rail temperature without train traffic load
are presented in formula (7).

1if TP>TpVTP <Ty
2 if T} € (T, Ta) U(Ta, Ty)
n(TSU) _ 3 if Ty €(Ta, Tn) U(Tp, Ta) 7)
4 if T;Zam € (Tp, Ta) U(Te2, Typ)
5 if T € (T, Te)

Which recommendation should be implemented depends on the combination of
exceeding cases. This can be written as follows:

n=min{n (), n(Ee),n(15),n(120) }, ®

e  n(Fy’)—recommendation number resulting from the measured value of the longitudi-
nal force in the rail under load,

. n(pro)—recommendation number resulting from the measured value of the longitudi-
nal force in the unloaded rail,

e  n(Ty°)—recommendation number resulting from the measured value of the bus tem-
perature under load,

. n(pr")—recommendation number resulting from the measured value of the tempera-
ture of unloaded rail.

where:

4. Research Object
4.1. Description of the Experimental Research Object

Experimental tests of the continuous welded track were carried out in Warsaw on
railway line No. 2 Warszawa Zachodnia—-Terespol, on track No. 2 at 0.400-2.100 km. Itis a
fragment of the cross-city line in the Warsaw Railway Junction used by the long-distance
train traffic. During rush hour trains run here with a frequency of 4 minutes. The geometry
of the examined track consists of straight sections and four circular curves with radii
ranging from 700 to 1000 m. The analyzed section of continuous welded track was built
with 60E1 profile rails and wooden sleepers. The condition of the gravel bedding was
assessed as average. The breathing section was located at 2.100 km before entry to the
railway bridge over the Vistula river (Figure 5).

4.2. Description of the Measuring Apparatus

As already mentioned, for the purpose of the research three measurement bases were
put into operation, placed in relation to each other at specific distances. The base located on
a straight section (base No. 3), the base located on a curve with a radius of 850 m (base No. 2)
and base No. 1 located on a curve with a radius of 735 m have been taken into account,
and, additionally, the track located on an engineering structure (a flyover over Wybrzeze
Kosciuszkowskie street). Such distribution of bases is intended to evaluate the behavior of
the analyzed track with different geometrical position and different track stiffness.

Preparation of the track for measurement required installation of bases, which con-
sisted in drilling two holes of @ 20 mm (for one measurement base) with a distance of
425 mm £ 1 mm in the neutral axis of the rail and attaching pins, a pair of which consti-
tutes one measurement point. The MS-02 longitudinal force gauge was used in the research
(Figure 7).
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Figure 5. Breathing section of track No. 2 at km 2.100 (source: photo made by Jacek Makowski).

Measurement bases, where longitudinal forces and rail temperature measurements
were made, were located on the analyzed test section according to Figure 6.

Figure 6. Distribution of measurement bases in the test section (source: own work).

Figure 7. MS-02 Longitudinal force gauge (source: photo made by Jacek Makowski).

Figure 8 shows the components of the MS-02 longitudinal force gauge.
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Figure 8. MS-02 Longitudinal force gauge—components (source: own work).

The gauge consists of the following components:

The casing,

Two tips (movable and fixed), used to stabilize the position of the instrument relative

to the pins during measurement,

e A digital display for direct reading of the instrument indication values expressed in

(kN).

The gauge is constructed on the basis of an electronic caliper, whereby the measured
values are read directly in force units. The accuracy of the force reading is 5 kN. The
operating temperature range of the gauge, recommended for undisturbed operation, is
from —5 to +70 °C, while the total weight of the instrument is 1.55 kg. The essence of the
adopted measurement method consists in the relative measurement of changes in length of
the instrument itself in relation to the measurement base under the influence of temperature
changes. The size of the base is determined by the pins attached to the neck of the rail. Due
to the material and design features of the gauge, its thermal expansion coefficient has a
value close to the thermal expansion value of the rail. Similarly, the absorption rate of the
thermal energy of the instrument is similar to the thermal absorption of the rail [49].

In addition, rail temperature measurements were made as part of the longitudinal
force measurements. The temperature was measured using a thermometer attached via a
magnet to the side surface of the rail (Figure 9).

Figure 9. Rail temperature thermometer (source: photo made by Jacek Makowski).
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5. Experimental Research
5.1. Assumptions—Test Procedure

Experimental tests measuring temperature and longitudinal forces were carried out
at different times of the year. In this way, different weather conditions and different
seasons have been taken into account. In addition, different track loading conditions were
considered, as the measurements included situations both under the load of a passing train
and under no load. This paper focuses on measurements obtained from measurement
base No. 3 (see Figure 6). As already mentioned, this base was located on a section of the
straight track.

The MS-02 gauge used in this test allows measurement of longitudinal forces resulting
from both changes in rail temperature and other additional operational impacts. The
gauge allows one to measure the elongation or shortening of the base with the length Ig,
permanently fixed in the neck of the rail on its neutral axis, and the base of the instrument
Ipms define the expressions [49]:

ALp = as; - ATy, - I, )

and
ALys = aps - ATwms - Lus, (10)
where:

ALp—change of the measurement base length on the rail,
ALpis—change in length of the instrument’s measuring base,
«s;—thermal expansion coefficient of the rail steel,
aps—coefficient of thermal expansion of the instrument,
ATs,—change of temperature of the rail,

AT)is—change in the instrument temperature,

Ip—length of the measurement base on the rail,

Ims—length of the measurement base of the instrument.

The values obtained in this way constitute source data for determination of the
longitudinal force determined by dependence (2).

The evaluation of the measurement accuracy of the MS-02 gauge in the laboratory
and in the experimental sections of the continuous welded track showed that the total
measurement error is equal to [49]:

5= \Jeh+ €l + 3 = 3206 (K) = 32 (K), (11)

®  ¢yy—maximum probable error resulting from the difference in thermal properties of
the instrument and the rail and the eccentricity of load application equal to 3.08 (K),

e ¢g—maximum probable error resulting from the existence of horizontal curvature of
the track equal to 0.7 (K),

e ¢,—maximum probable error resulting from the accuracy of applying the instrument
to the rail pins equal to 0.55 (K).

where:

5.2. Test Results

Figures 10-13 present the results of the measurements of temperatures and longi-
tudinal forces in the rail track for the measurement base No. 3 (straight track section).
The presented experimental results cover different elements of the track geometry—a
straight section and a circular curve. An additional difficulty of this section was its location
partly on a high flyover leading the tested track to the bridge structure. Consideration of
such cases most prone to buckling allows interesting measurement results to be obtained,
covering different cases of position and loading of the continuous welded track.
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Figure 10. Results of measurements of temperature and longitudinal force of left rail after loading by
a passing train—measurement base No. 3 (source: own work).

Figure 11. Results of measurements of temperature and longitudinal force of the right rail after
loading by a passing train—measurement base No. 3 (source: own work).

Investigations carried out at different ambient temperatures and in different seasons
of the year show the variability of the longitudinal forces occurring in the rail tracks of the
continuous welded track of the analyzed railway line section. The section under assessment
is characterized by a significant load of passenger train traffic including trains consisting of
locomotive-drawn cars and electric multiple units. The data was collected in the period 26
May 2019-30 June 2020. During this time, 77 measurements were made. The measured
values for rail temperatures range from +62 °C at an ambient temperature of +36.7-1 °C at
an ambient temperature of +1 °C. The values of calculated longitudinal forces based on
rail displacement measurements range from -946.45 (longitudinal compressive force) to
+163.81 kN (longitudinal tensile force), respectively. The obtained results of temperature
measurements and calculated values of longitudinal forces did not cause any disturbances
in operation of the analyzed continuous welded track. This is the proper behavior of the
track under such a heavy load and various thermal conditions. Observations carried out
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throughout the year did not reveal any anomalies in the tested section. This demonstrates
the proper maintenance of this continuous welded track, and a properly constructed track
structure. The test results obtained on this test section are an important part of the proposed
method for diagnosing the condition of the continuous welded track. At the same time,
they may be used to validate the built numerical model of the continuous welded track in
the application using FEM.

Figure 12. Results of measurements of temperature and longitudinal force of left rail without load of
a passing train—measurement base No. 3 (source: own work).

Figure 13. Results of measurements of temperature and longitudinal force of right rail without load
of a passing train—measurement base No. 3 (source: own work).

6. Analytical Determination of Rail Temperature and Longitudinal Force Values from
a Known Ambient Temperature Value

Based on experimental tests, the authors of this paper have developed empirical
formulas that allow for analytical determination of rail temperature and longitudinal
force values from a known ambient temperature value. Separately, dependencies were
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developed for a rail without load from a passing train and for a rail subject to the load of a
passing train. The analyzed track section was straight and the measuring apparatus was
installed in the 60E1 rail. The section of track was not fixed to an engineering structure, the
surface was conventional and the sleepers were wooden. The analyzed section is loaded
with very heavy train traffic (peak frequency—every 4 minutes). The measurements for the
right and left railroad tracks were averaged.

Based on the test results, the following formulas may be developed.

The dependence of the longitudinal force of the rail under load f;;° on the ambient
temperature f, is presented as formula (12).

f2. =0.0008 - t2 — 0.0811 - £ 4-2.9054 - t2 — 68.936 - t, + 182.32 (kN) (12)

A graph of the dependence of longitudinal force of the rail under load on ambient
temperature is shown at Figure 14.

\ 10 15 20 25 30 35 40

y = 0.0008x* - 0.0811x3 + 2.9054x? - 68.936x + 182.32
R?=0.9971

Ambient temp. (°C)

Figure 14. Dependence of the longitudinal force of the rail under load on the ambient temperature (source: own work).

Based on the measurements carried out, a dependence was obtained for which the
correlation coefficient R? reached 0.9971, which should be considered a very good result.

The dependence of the longitudinal force of the rail without load f;.” on the ambient
temperature £, is presented as formula (13).

00— 0.0008 - t4 — 0.0757 - £3 +2.7492 - t2 — 67.659 - t, + 181.4 (kN) (13)

A graph of the dependence of longitudinal force of the unloaded rail on ambient
temperature is shown at Figure 15.
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Figure 15. Dependence of the longitudinal rail force without load on the ambient temperature (source: own work).

Based on the measurements carried out, a dependence was obtained for which the
correlation coefficient R? reached 0.9964, which should be considered a very good result.

The dependence of the temperature of the rail under load t;,° on the ambient tempera-
ture #, is presented as formula (14).

£2, = —0,00005 - £ +0,0045 - £3 — 0,1596 - £2 + 3,7875 - t, — 0,017(°C) (14)

A graph of the dependence of rail temperature under load on ambient temperature is
shown at Figure 16.

70

60 e.-09®

ol
=%
5 50 )
< o .
g ° ..'.
240 -
© et 3
] ‘.-.
o ..
g 3 .
3
= /
< 20 y = -5E-05x* + 0.0045x3 - 0.1596x2 + 3.7875x - 0.017
/ R?=0.9971
10 *
.'.‘
0 L@
0 5 10 15 20 25 30 35 40

Ambient temp. (°C)

Figure 16. Temperature of the rail under load dependence on the ambient temperature (source: own work).
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Based on the measurements carried out, a dependence was obtained for which the
correlation coefficient R? reached 0.9971, which should be considered a very good result.

The dependence of the unloaded rail temperature t,’° on the ambient temperature t,
is presented as formula (15).

t29 = —0.00004 - t* +0.0042 - £3 — 0.151 - £2 + 3.7173 - t, + 0.0335 (°C) (15)

A graph of the dependence of temperature of unloaded rail on ambient temperature
is shown in Figure 17.
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Figure 17. Dependence of the temperature of unloaded rail on ambient temperature (source: own work).

Based on the measurements carried out, a dependence was obtained for which the
correlation coefficient R? reached 0.9964, which should be considered a very good result.

In the nineties of the twentieth century within the work of ERRI Committee (Euro-
pean Rail Research Institute) [25,50] comparative research of continuous welded track was
carried out in two railway authorities in PKP (Polish Railways) and MAV (Hungarian
Railways). That research involved the use of the MS-02 instrument to measure the dis-
placement of the track. A considerable number of measurements were made, e.g., rail
temperatures, track displacements for different test sections of the track located in different
geometrical systems and under different loads. In order to compare the results obtained
with the applied measurement solution, the Hungarian railway authority applied a dif-
ferent measurement solution and this was compared with the results obtained with the
MS-02 instrument. The measurement method used in this paper has already been used and
verified in many research sections, e.g., in Poland, and compared with other systems giving
high convergence. However, the difficulties in carrying out the measurements forced the
authors to develop a method that would make it possible to diagnose the condition of the
continuous welded track in an analytical manner, limiting the number of experimental
measurements to an indispensable minimum. An additional tool supporting the diagnosis
of the condition of stress or temperature in the continuous welded track can be numerical
models built in one of the programs using FEM. This can also be used as a component of
the proposed diagnosis method used interchangeably with measurements.
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7. Conclusions

Above all, rail traffic must be conducted in a safe and smooth manner. The occurrence
of an adverse event on the railway network, affecting the railway infrastructure, requires
firstly the provision of adequate traffic safety conditions and secondly its smoothness.
When the driver observes the occurrence of a hazardous event, the first thing to do is
to stop the train traffic, carry out a diagnosis and implement an appropriate repair or
maintenance recommendation. To make an accurate diagnosis it is necessary to perform
a series of measurements, which can be time consuming. In order to ensure that the
suspension of traffic has as little impact as possible, it makes sense to look for methods
that will shorten the diagnosis process. One way to obtain an appropriate repair or
maintenance recommendation may be to eliminate the need for measurements through
analytical calculations.

The authors of this paper proposed the original effective method of diagnosing the
continuous welded track condition, which allows to determine the type of necessary repair
or maintenance action concerning the improvement of the track condition. One element of
the method is to obtain the longitudinal force and temperature values of the rail both under
load and without load. This can be done on the basis of measurements on the ground using
the MS-02 extensometer or by using empirical formulas to obtain the desired value from
the ambient temperature. The formulas were developed based on long-term measurements
made in a railway track normally operated under various weather conditions. It should
be noted that at this point in time, analytical calculations are possible to derive a specific
type of remedial recommendation for an adverse event that occurred on a straight section
of track not located on an engineering facility constructed of 60E1 rail and conventional
surface with wood sleepers—both for rail loaded and unloaded with a passing train.

The obtained results of empirical tests (measurements in the track) clearly show the
phenomena that can occur in the continuous welded track at varying ambient temperatures.
The resulting measurements on the ground will be used to calibrate simulation numerical
track models and to develop a simulation method for the diagnosis of the continuous
welded track. The development of this method will facilitate decision-making in the
process of maintaining a continuous welded track after a hazardous event that may lead, for
example, to buckling, rail cracking or track deformation. It will also enable the development
of variant solutions for the components of the technology of continuous welded track
maintenance works, including the selection of materials, time limits for carrying out proper
diagnostics and repairs.

Empirical formulas for calculating rail temperature and longitudinal force values have
been developed on the basis of long-term measurements carried out under real conditions—
in a rail that has been intensively used all the time. These formulas are in the form of
a polynomial function. It has to be admitted that this form is quite complicated, but its
use resulted in a very high value of the correlation coefficient R2—over 0.995. This result
must be considered very satisfactory. It attests to the very high accuracy of the calculations
made using the indicated formulas. In view of the above, it should be stated that the
formulas, which are the authors’ original contribution to the field of continuous welded
track diagnostics from the area of broadly understood measurements, make it possible to
obtain very accurate values of the longitudinal force and the rail temperature from the
knowledge of the ambient temperature.

The authors are continuously improving the methods of continuous welded track
condition diagnostics. In the future, empirical formulas will be developed on the basis
of long-term measurements to determine the values of rail temperature and longitudinal
force depending on a larger number of variables—e.g., depending on the ambient temper-
ature and on the size of the curve radius in which the tested rail is located. In addition,
the formulas presented in Section 6 will be written as interval functions of the variable.
Furthermore, the presented method will be validated using simulation tools.
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