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Abstract: The paper is focused on the stress measurement in the railway substructure in the turnout
prototype designed for a high speed. The aim of the measurement and its evaluation was to compare
the results obtained with theoretical presumptions. The methods of the measurement and its evaluation
are described. The conclusions of the stress in the railway substructure included its relation with
the train speed. It may also be stated that the quality elaboration of the measurement considerably
contributed to modern means of the signal analysis.
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1 Introduction

The railway substructure is one of the fundamental components of the railway line. By the railway substruc-
ture we understand the railway substructure body, the structures of the railway substructure, traffic areas and
communications and small structures and the railway substructure equipment. From the viewpoint of the load
transmission by railway carriages to the railway formation, the railway structure is divided into two basic com-
ponents: the flat framework made up of rails and sleepers and the structure that consists of ballast bed, structure
layers and formation. The upper surface of the roadbed is formed by the ballast bed. The construction of the
railway substructure must be such to permanently secure the prescribed geometrical position and to secure the
transmission of both the static and dynamic loads by railway carriages without a permanent deformation of the
track bed [1, 2].

It is evident that especially the construction layers of the railway substructure and the soil under the track
bed are decisive for damping dynamic effects. The spreading of the dynamic effects in the railway bed is
damped to a small extent only, most of the energy is transferred lower [3, 4].

Even though the theoretical preconditions of spreading the stress in the construction of the track are known,
it is necessary to support them by means of a practical measurement. This fact holds good especially when
verifying new designs of the superstructure and finding out their effects on the subgrade. The follow text deals
with the stress measurement and evaluation in the construction of the railway substructure under the prototype
turnout for high speed. The design of the turnout offers a smoother run of railway carriages and a reduction of
dynamic effects of a carriage on the rails and other structural layers of the railway bed.

It is worth noting that the presented sensors and analysis methods were used in the period 2004-2012 at
selected joints and in other sections of the railway track in the research and analysis of dynamic effects.

2 Measurement Methodology

The subject of the measurement was the stress measurement in the construction of the railway substructure
in the turnout No. 5 in the railway station of Vranovce (section of the Czech railway corridor linking Vienna,
Prague and Berlin), type J60-1:12-500 (Fig. 1), provided with a movable frog. The rails are fixed to concrete
sleepers by means of a flexible fastening of the Vossloh type. In the switch part of turnout there are two trough
sleepers, in the common crossing there is one trough flange type sleeper [5].
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To the measure of the normal stress, special pressure sensors inserted in the railway substructure during
the construction operations were used. The sensors were placed in the turnout exchange part and under the
movable frog.

At each observed point, two sensors were placed – the first one on the formation, the other one immediately
under the ballast bed. The measurement utilised plate sensors of the series 3500 made by the firm GEOKON
(Fig. 2) [6]. These sensors are filled with oil and the change of pressure is transferred to the outlet electric
signal, the voltage is ranging from 0 to 5 V. The sensor diameter is 230 mm, the sensor thickness is 12 mm.
Based on the preliminary analysis, the following sensors were chosen:

• for the formation within the range to 100 kPa,
• for the base of ballast 250 kPa.

The sensors were embedded into the construction during the performed reconstructions. The measurement
ranges were determined based on the expected static stress acting in relevant depth of the railway substructure.
The dynamic contribution was assumed to be maximally of the value of the static load, i.e. the value of the
dynamic coefficient δmax = 2.0. For the measurement, sensors of the stress range of the nearest higher value of
the manufacturer production series were chosen.

Fig. 1: Turnout No. 5 in the railway station of Vranovice.

The train speed was monitored by means of two tensometric sensors placed on the bases of the rails [7].
The tensometric sensors were placed in the middle and in the frog parts of the turnout. The tensometric sensors
formed on 18 mm long basis.

Two sections in the turnout were used for the measurement. A section in the switch part was chosen where
the wheel passes from the bent stock rail to the straight switch blade. In the common crossing section, the
sleeper under the common crossing point was chosen. The common crossing point occurs immediately on the
trough sleeper in which it may be expected that the manner of the load transmission to the structure of the
railway substructure differs from common concrete sleepers. This was the reason why the nearest adjacent
concrete sleeper was chosen.
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Fig. 2: Pressure sensor of series No. 3500 made by the firm Geokon.

Fig. 3: General view of the working place.
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The measurement was preceded in two stages. The first stage was realised after the operating load of 1.910
mill. transported gross tons had been run through. This load was found out by a long-term measurement. The
second stage of the measurement was carried out after the operating load of approx. 9 mill. transported gross
tons had been run through. Altogether 50 records were made both in the first and second stages. The normal
stress at the selected measuring points was measured for trains running at the speed from 70 to 160 km·h−1.

3 Measurement Evaluation

Having analyzed the check measurement and the calculations, the following methods and parameters were
used for the evaluation of the signals measured:

• time display of the course of normal stresses at particular measuring points, the evaluation of extreme
stress values,

• descriptive statistics,
• estimates of mean values (t-test) and scattering (F-test), the tests were carried out at the significance level
α = 5 %,

• to determine the measure of interdependence of the highest stress values for the train passage, the corre-
lation coefficients for particular groups of trains were calculated,

• the decomposition of the signals measured into the stress quasi-static and dynamic components was
accomplished by a filter made on the principle of the discrete Wavelet transformation.

The geostatic stress for all sensors is in accordance with the conditions under which the sensors were placed.
For the values of the highest stress ascertained during the train passage, the descriptive statistics were set up
independently for either stage of the measurement. These results from the descriptive statistics presenting that
the mean values of the highest values ascertained for the train passage through the common crossing, both for
the subgrade and for the track bed are lower than for the sensor in the turnout change part. The ratio of the
mean values is approximately 2:3. The stress under the common crossing point is lower compared with the
values measured under the change part. The reasons are probably as follows:

• to determine the measure of interdependence of the highest stress values for the train passage, the corre-
lation coefficients for particular groups of trains were calculated,

• the decomposition of the signals measured into the stress quasi-static and dynamic components was
accomplished by a filter made on the principle of the discrete Wavelet transformation,

• the sleepers used in the common crossing are longer, the stress is distributed on a larger area.
The selected signals (covered all types of trains) were distributed into a quasi-static and dynamic compo-

nents. The decomposition was carried out by a special filter working on the principle of the discrete Wavelet
transformation.

The Discrete Wavelet Transform (DWT) is an orthogonal function which can be applied to a finite group
of data. Functionally, it is very much like the Discrete Fourier Transform. Whereas the basis function of the
Fourier transform is a sinusoid, the wavelet basis is a set of functions which are defined by a recursive difference
equation [8, 9]

φ(x) =
M−1∑

k=0

ck · φ(2 · x− k) (1)

where the range of the summation is determined by the specified number of nonzero coefficients M . The
number of nonzero coefficients is arbitrary, and will be referred to as the order of the wavelet. The value of the
coefficients is, of course, not arbitrary, but is determined by constraints of orthogonality and normalization [10,
11] Eq. 1 is orthogonal to its translations; i.e.

∫
φ(x) · φ(x − k) · dx = 0. What is also desired is an equation

which is orthogonal to its dilations, or scales, i.e.
∫
ψ(x) · ψ(2 · x− k) · dx = 0. Such a function ψ does exist,

and is given by next equation

ψ(x) =

M−1∑

k=0

(−1)k · ck · φ(2 · x+ k −M + 1) (2)

where φ(x) is a scale function ψ(x) is a mother wavelet, k is the order of the wavelet, ck are non-zero
coefficients defining the mother wavelet, M is the number of non-zero coefficients ck. A mother wavelet is
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subject to certain restrictions given by the below equations [12].

M−1∑

k=0

ck = 2 (3)

M−1∑

k=0

(−1)k · km · ck = 0 for m = 0, 1, 2, ...,
M

2
− 1 (4)

M−1∑

k=0

ck · ck+2m = 0 for m = 1, 2, ...,
M

2
− 1 (5)

M−1∑

k=0

c2k = 2 (6)

Several efficient algorithms have been devised for discrete Wavelet transformation calculations of which
Mallat’s pyramid algorithm [13] is perhaps the most widely used. The algorithm operates on a finite set of
N input data, where N is a power of two, this value will be referred to as the input block size. These data
are passed through two convolution functions, each of which creates an output stream that is half the length of
the original input. These convolution functions are filters, one half of the output is produced by the “low-pass”
filter function, related to Eq. 1:

Ai =
1

2

N∑

j=1

c2i−j+1 · fj for i = 1, 2, ...,
N

2
(7)

and the other half is produced by the “high-pass” filter function, related to Eq. 2:

Di =
1

2

N∑

j=1

(−1)j+1 · cj+2−2i · fj for i = 1, 2, ...,
N

2
(8)

where N is the input block size, c are the coefficients, f is the input function, and A and D are the output
functions. In the case of the lattice filter, the low- and high-pass outputs are usually referred to as the odd and
even outputs, respectively [14].

The wavelet filter was calibrated at standing, slow and fast moving test train set on the railway track in
Cerhenice (Czech Republic).

Figs. 4, 5 and 6 shows the measured signals of three sensors. The upper graph of each figure represents
the original record, the middle graph shows the stress quasi-static component and the lower graph the stress
dynamic component computed by the Wavelet Transformation.

The dynamic increment for the subgrade is approximately 1.3 multiple of the quasi-static value, for the track
bed it is as much as the 2.0 multiple. The comparison of the measurement for the first and the second stages
of measurement revealed that in the common crossing the stress quasi-static component slightly decreased, and
the dynamic component slightly increased. The observed changes are probably connected with the changes of
bedding the sleepers on the ballast bed and with the repeated character of the load.

Then, correlation coefficients between the largest stress and the train speed for particular groups of trains
and for all records in a given stage of the measurement were calculated. Only a statistically weak dependence
of the stress extremes on the train speed was proved by means of the analysis. Thus, the general assumption that
the mean value of the observed quantity is not almost dependent on the train speed was confirmed. However,
the decisive deviation of the value, which in our case is the vertical stress, increases with the increase of the
train speed.

4 Conclusion

The paper summarizes the experience obtained from the subject of the issue for years 2004-2012. In gen-
eral, we may say that the ascertained values of the normal stress correspond with the theoretical assumptions.
Although the stress was measured in dynamically exposed places of the turnout structure, it did not excessively
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Fig. 4: The stress signals from sensor 1 for the passage of the set of carriages of the train and its distribution
into the quasi-static and dynamic components.

Fig. 5: The stress signals from sensor 2 for the passage of the set of carriages of the train and its distribution
into the quasi-static and dynamic components.
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Fig. 6: The stress signals from sensor 3 for the passage of the set of carriages of the train and its distribution
into the quasi-static and dynamic components.

exceed the values expected for a common rail. For this reason, it may be stated that the structural alterations in
the turnout represent a clear contribution as regards the sleeper subgrade.

The measurement taken and the relevant analyses resulted in the following conclusions:

• descriptive statistics,
• estimates of mean values (t-test) and scattering (F-test), the tests were carried out at the significance level
α = 5 %,

• to determine the measure of interdependence of the highest stress values for the train passage, the corre-
lation coefficients for particular groups of trains were calculated,

• the decomposition of the signals measured into the stress quasi-static and dynamic components was
accomplished by a filter made on the principle of the discrete Wavelet transformation,

• the sleepers used in the common crossing are longer, the stress is distributed on a larger area,
• the load transmission is different for the sleeper in the common crossing and in the switch part, the

previous analyses and measurements show that the largest stress due to the sleeper high bending rigidity
occurs under the sleeper end and decreases towards the centre.
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