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Abstract

The study presents a selection of free-field vibration measurement results (the horizontal
component x vibration is perpendicular to the axis of the track) in the ground surface
layer, in one of the three measuring polygons. Pendolino, InterCity and InterRegio trains,
excited free-field vibrations. Results for speeds of 120 and 160 km/h were analysed to have
comparison that is more tangible.
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Streszczenie

W pracy przedstawia si¢ wybrane wyniki pomiardéw drgan gruntu (sktadowa pozioma x drgan
prostopadta do osi toru) w przypowierzchniowej warstwie, w jednym z trzech poligonéw po-
miarowych. Drgania gruntu wzbudzane byly przejazdami pociggu Pendolino i sktadéw Inter-
City oraz InterRegio. W celach poréwnawczych analizuje si¢ przejazdy z predkosciami 120
i 160 km/h.

Stowa kluczowe: pociggi, drgania gruntu, propagacja
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1. Introduction

In November of 2013, homologation and velocity tests took place. One of the twenty newly
purchased Pendolino trains (Electric Multiple Unit — EMUs 250) was crossing the Psary—Gora
Wiodowska section (approximately 36 km) located within the Central Rail Line (CRL) No. 4.
Electric Multiple Unit was running with dedicated speeds. Parameters such as acceleration and
displacement of rails, mechanical vibrations of individual elements of railway tracks and noise
were measured. Geotechnical conditions in the surroundings of the railway line were also
analysed. Measurements were carried out during three weekends in November. The train was
following the first track with two tracks closed for other vehicles. During weekdays, similar
studies were done for vehicles running the (CRL) section. Similar studies were mentioned in
paper [1].

The paper presents selected results of measurements of free-field vibration (horizontal
component of vibration (x) — perpendicular to the axis of the track) in the surface layer, in
one of the three measuring polygons. Passages of the Pendolino (EMU 250), the InterCity
and the InterRegio trains induced free-field vibrations. The data from the trains’ runs at
aspeed of 120 and 160 km/h is a basis for comparison.

The staff of an accredited Laboratory of Structural Mechanics at the Cracow University
of Technology (Accreditation No. AB 826) conducted vibration measurements.

The analysis was performed based on the knowledge and experience of the research
team, and it is also available in the references [2—4].

2. Measuring polygon

During research, ground conditions were also monitored to check if they have any
significant influence on the propagation of vibrations.

In the cross-examination, measurements of the soil properties were carried out at two
places (at the foot of the railway embankment and at a distance of 20 m) located near the
points at which the attachment sensors (accelerometers) measured free-field vibrations.
Fig. 1 shows a cross-section of a geological lithographic profile.

Based on the properties of the ground, it turned out that the substrate is layered. In the
profile under a thin layer of humus soil consists of natural coarse and incohesive (sand, sandy
silt with depth in the passing sands with gravels, drilled a single interbeddings powder)
layers. In the audited profile, there was no groundwater. On this basis, it was concluded that
the ground is in the vadose zone. The tested soil was humid [5, 6].

Free-field vibration measurements were made with piezoelectric accelerometers’ PCB
Piezotronics and the SCADAS Mobile’s LMS International analyser. The relative standard
uncertainty of the maximum signal acceleration must not exceed + 11.61%, which is the sum
of the deviations of nominal sensors and amplifier distortion by the digital recorder and the
accuracy as well as the linearity of the amplifier. In the test, profile arrangement of sensors is
shown in Figure 2. Seven sensors recording the horizontal vibrations perpendicular to the axis
were arranged sequentially — first under the railway embankment, further every ten meters in
a direction perpendicular to the axis. Accelerometers were fixed on the ground, 2.3 m below the
rail. Mounting the sensor on the base was carried out according to the method described in [7, 8].
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Fig. 1. Geological cross-section profile photo in the audited profile [5]
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Fig. 2. Schematic arrangement of sensors in the measuring profile
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3. Analysis of the acceleration records

All records were analysed. Summaries of the record for the speed of 160 km/h of the
Pendolino train and a train of the Intercity type are shown in Fig. 3 and Fig. 4, respectively.
For each of the passages of the trains, we imposed records of the horizontal component x of
vibration measured at the points P-04x — P-22x. The maximum displacements of timelines
achieve much lower values during the passage of the Pendolino; sensor placed under the
embankment (P-04x) records the maximum acceleration not exceeding 70 cm/s?, while
extreme acceleration caused by passing through the InterCity rolling stock is more than
twice the size and reaches values of up to 150 cm/s?. In both cases, one can observe very high
damping, particularly evident between the first and second sensor (a distance of 10 m).
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Fig. 3. Record of the horizontal component x of free-field vibrations caused by passing the Pendolino
train at v = 160 km/h
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Fig. 4. Record of the horizontal component x of free-filed vibrations caused by passing the Intercity
train at v = 160 km/h
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Table 1 shows the maximum values obtained from the records of horizontal component
x of free-field vibrations caused by passages of the Pendolino and InterRegio trains with
a speed of 120 km/h and passages of the one Pendolino and four InterCity trains with a speed
of 160 km/h. For passages of up to 120 km/h, only at the measuring point P-07x, slightly
higher maximum values of vibration acceleration for the Pendolino train were recorded.
In the other six points of the measurement, lower maximum acceleration vibration, caused
by passing that trains, was recorded. At a speed of 160 km/h, a very large discrepancy in
the results of maximum acceleration values of the horizontal component x of free-field
vibrations can be seen due to passages of the same carrier (InterCity); at P-04x, a difference
of up to 50 cm/s? is observed. During EMU 250 passages, the lowest intensity of free-field
vibrations was registered at each measuring point.
Table 1

Statement of the maximum value of the horizontal component of free-field vibrations

Measuring point number

Source of vibration
P-04x P-07x P-10x P-13x P-16x P-19x P-22x

Pendolino 120 km/h track

A—12:50 81.11 14.1 4.92 2.75 2.24 1.27 0.99

InterREGIO 120 km/h track

A—11:50 85.93 12.55 7.54 3.78 2.61 1.82 1.18

Pendolino 160 kmvh track | oo ¢ | 1973 | 1074 | 579 527 2.08 1.34

A— 13:49
Intercity 160 km/htrack | g ¢) | 3355 | 1805 | 707 | 7.02 | 285 | 208
A—12:33
Intercity 160 km/h track
AReys, 98.17 | 3581 | 18.03 | 657 | 68 | 255 | 229

Intercity 160 km/h track

A— 1328 112.02 | 19.66 8.55 5.22 3.66 2.64 1.54

Intercity 160 km/h track

A—10-12 145.8 33.09 19.21 5.95 7.96 2.55 2.35

Figure 5 shows decay curves of the maximum values of vibration acceleration with
distance when traveling the Pendolino and the InterREGIO trains at a speed of 120 km/h. For
each set of data, there is a power function given. It describes the dependence of the maximum
acceleration of the distance from the vibration source. The coefficients of determination R>
for both functions is approximately 0.99. The maximum values of vibration acceleration did
not show significant differences between the Pendolino and InterRegio train journeys.

Figure 6 summarises the maximum values of horizontal component x of free-field
vibrations caused by trains passages at a speed of 160 km/h (one Pendolino and four
InterCity trains). Next, the maximum acceleration values obtained from passages of
InterCity were averaged. The values obtained from the Pendolino passes and averaged
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passages from the InterCity are shown in Figure 7. The proposed power function describes
well the disappearance of the maximum values of the horizontal component x of free-field
vibrations with distance — the coefficient of determination R?, respectively, 0.97 and 0.98.
For the first three accelerometers (P-04x P-07x and P-10x), it clearly shows much larger
maximum vibration acceleration values obtained from passages of InterCity trains. The
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Fig. 5. The maximum value of the horizontal component x of free-field vibrations from the recorded
accelerations caused by trains at a speed of v =120 km/h
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Fig. 6. The maximum value of the horizontal component x of free-field vibrations from the recorded
accelerations caused by trains at a speed of v =160 km/h

Fig. 7. The maximum value of the horizontal component x of free-field vibrations from the recorded
accelerations caused by trains at a speed of v =160 km/h

4. Vibration spectrum analysis

The recorded free-field vibrations were analysed using one-third octave band frequency
filters, and distributed in one-third octave bands of the mid-band frequency from 1 to
100 Hz. For example, Fig. 8 and 9 summarise the results of the horizontal component x of
free-field vibrations recorded at the measurement point P-04x from various trains passages
at speeds of v=160 and 120 km/h. In both cases, a band of less than 16 Hz shows almost zero

acceleration for each of the rolling stock. A distinction can be made only in the bands from
16 to 100 Hz.
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in one-third octave bands, caused by passing InterCity trains and EMU 250, shows that
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newly purchased trains inspire some of the lowest vibration accelerations in all third octave
frequency bands. Comparing the acceleration values in each one-third octave bands of
excited Pendolino trains crossing and InterREGIO cannot clearly identify rolling stock
generates less vibration acceleration. In the range of 16—50 Hz, EMU 250 generates a lower

level of acceleration, which changes in the higher frequency band (63 to 100 Hz).
Fig. 8. Vibration spectrum in third octave frequency bands — the measuring point P-04x — speed trains

v =160 km/h
Fig. 9. Vibration spectrum in third octave frequency bands — the measuring point P-04x — speed trains
v =120 km/h

5. Continuous spectrum of vibrations

Using Fast Fourier Transform (FFT), the transition from the time domain to the
frequency domain was performed to yield a continuous vibration spectrum. Transform was
performed for frequencies of up to 100 Hz. Figure 10 illustrates the change of the frequency
spectrum depending on the distance of the measuring point from the source of the vibration
for the InterCity train. For the first measurement point (P-04x), higher vibration frequencies
are dominant — range from 63 to 100 Hz. However, frequencies from the range 70-75 Hz
for a sensor at a distance of 10 m (P-07x) dominate, reaching the maximum value equalling
the values obtained at the measuring point P-04x in that band. Also, in the 70—75 Hz range
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Fig. 10. Continuous vibration spectrum — InterCity train — velocity v = 160 km/h
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Fig. 11. Map propagation of vibration — InterCity train — velocity v = 160 km/h
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of maximum acceleration values at the third (P-10x) and fourth (P-13x) measuring point,
but these values are much smaller compared with the values obtained based on the records
in the first (P-04x) and the second (P-07x) measurement point. In order to make better
visualisation, the frequency spectrum is divided into a bandwidth of 3 Hz and average
amplitude of the vibrations is calculated. Maps figure showing the obtained value of the
acceleration from the frequency and distance of the sensor from the source of the vibration is
shown in Fig. 11. The largest amplitude of the vibrations occurs in the first measuring point
(P-04x) and corresponds to higher frequency bands, but the band of 66—72 Hz is a band in
which there is the slightest damping with increasing distance from the source of vibration.
The amplitudes greater than 0.1 cm/s? are transferred up to 40 meters from the embankment
(fifth measuring point — P-16x).

To determine the frequency bands with the greatest damping of a continuous spectrum,
we calculated the relation of the spectrum from record at the last sensor (P-22x) to the
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spectrum from the first sensor (P-04x). The calculated dependence is shown in Figure 12.
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Although the expected values should be less than 1.0, taking into account the decay of

vibration with distance from the source, approx. 2% of the resulting relationship exceeds
this value. It was not due to the presence of very large amplitudes of vibration on the last
sensor (P-22x) and only very small values of records of vibration acceleration in the first
measurement point (P-04x). This is not also the fact that the signals at these frequencies
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were strengthened. This was probably caused by changes in signal frequency resources after
passing through a very heterogeneous material, which is ground.

In order to better visualise the damping, Figure 13 shows the same relationship, but after
the removal of excess 1. Here, we can see that the greatest attenuation corresponds to the

highest frequencies, which is in line with expectations.
Fig. 12. The ratio of vibration spectrum transmitters P-22x and P-04x — Intercity train — the speed of
160 km/h
Fig. 13. The ratio of vibration spectrum transmitters P-22x and P-04x after verification — Intercity
train — the speed of 160 km/h
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Similarly as for the InterCity train, we examined continuous spectrum of free-field
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vibrations excited by passages of the Pendolino train at a speed of 160 km/h. Vibration

spectrum and map of acceleration amplitudes induced by passages of the InterCity and the
Pendolino train are shown in Fig. 14 and 15, respectively.
Fig. 14. Continuous vibration spectrum — Pendolino train — velocity v = 160 km/h
Fig. 15. Map propagation of vibration — InterCity train — velocity v = 160 km/h

Similarly, for EMU 250, the dominating frequencies of the recorded horizontal
component x free-field vibrations are in the first measurement point (P-04x) and occur in the
band with the highest frequencies. However, the bandwidth that is the least damped is a band
with a centre frequency of 66 Hz.

Similarly as for the InterCity train, we compared the continuous spectrum of vibrations
recorded at the last measuring point (P-22x) with the spectrum of the vibration record from
the first measuring point (P-04x) — dependence is shown in Figure 16. The composition of
the Pendolino, approx. 1.5% of the value exceeded the value of 1. Ratio spectra after the
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removal of greater than 1 are shown in Figure 17. As in the case of Intercity — see Fig. 13, an
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increase of damping can be observed with an increase of the frequency.
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Fig. 16. The ratio of vibration spectrum for records from measurement point P-22x and P-04x —
Pendolino train — the speed of 160 km/h
Fig. 17. The ratio of vibration spectrum for records from measurement point P-22x
and P-04x —Pendolino train — the speed of 160 km/h — after verification

6. Analysis of vibration velocity

A continuous spectrum obtained by means of Fast Fourier Transform was used to calculate the
free-field velocity. Using the formula for harmonic vibrations, integral formulae and amplitudes
of vibration acceleration, we calculate the approximate values of velocity amplitudes [4].

The amplitudes of velocities were calculated for a frequency of 0.5-100 Hz. In both cases
(vibration induced by passages of the old and new rolling stock), values of velocity amplitudes
calculated at the measurement point under the embankment (P-04x) clearly exceed the values
obtained at other measuring points, but there is a single frequency for which these velocity
are smaller. The decrease in the values of velocity, depending on the distance, is not linear.
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v= 160 km/h for both kind of trains are shown in Fig. 18 and Fig. 19.
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Fig. 18. Distribution of free-filed velocity vibration in frequency domain — the Pendolino train —
velocity v =160 km/h

Fig. 19. Distribution of free-filed velocity vibration in frequency domain — the InterCity train —
velocity v =160 km/h

7. Analysis of vibration displacements

A continuous spectrum obtained by means of Fast Fourier Transform was used to
calculate free-field displacement. Using the formula for harmonic vibrations, integral
formulae and amplitudes of vibration acceleration, we calculated the approximate values of
displacement amplitudes [4].

The amplitudes of displacements were calculated for a frequency of 0.5-100 Hz. Due
to the very small displacement values (maximum value is less than 0.1 microns) for high
frequencies, the charts show only the values in the frequency range of 0.5-2 Hz (amplitude
of displacements exceeds 0.1 um). In both cases (vibration induced by passages of the old
and new rolling stock), values of displacement amplitudes calculated at the measurement
point under the embankment (P-04x) clearly exceed the values obtained at other measuring
points, but there is a single frequency for which these displacements are smaller. Although
the distance between successive sensors is the same — a sharp decline in free-filed vibration
displacements is not observed. The decrease in values of displacements depending on the
distance is not linear. The calculated distribution of free-field displacement vibration in

frequency domain for both kinds of trains are shown in Fig. 20 and Fig. 21.

Fig. 20. Distribution of free-filed displacement vibration in frequency domain — the Pendolino train —
velocity v =160 km/h

Fig. 21. Distribution of free-filed displacement vibration in frequency domain — the InterCity train —
velocity v =160 km/h

8. Conclusions

Railway line no. 4 (CRL), which is the “backbone” of high-speed rail in Poland, cannot
allow speed limits because of vibration. Surface and rolling stock have to be designed so as
to standard limits the propagation of vibration was not exceeded while enhancing the speed
of rolling stock on the entire length of the line.

Operation of the Pendolino train in Poland will improve the “climate vibration”
of railway lines. Based on measured and calculated values, decay curves of free-field
vibrations, depending on the distance from the source of vibration, were analysed.

The designated frequency spectrum of the vibration records allowed to determine the
dominant frequency bands and to compare them for different trains and ride speed. The
results of the analysis indicated that travel at the speed of v = 160 km/h, the Pendolino
attracted lower values of vibration acceleration compared to the InterCity train. On the other
hand, when traveling by the InterRegio train (v = 120 km/h), for frequency /= 50 Hz, the
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induced vibration level was higher than in the EMU 250. For higher frequency bands, the
Pendolino attracted a slightly higher level of vibration.

Another aspect is very large spread in the results obtained by the InterCity. This is due
to the heterogeneity of rolling stock, which is associated with the technical condition of the
different configurations. In order to improve the environmental conditions, this would limit
the exploitation appropriate traction units, not the number of trips generally performed by all
trains.

The displacement values were analysed and calculated based on the recorded vibration
acceleration. Analysis of displacements in a band of frequency up to 2 Hz indicates that they
rapidly decay with distance.

High speed trains are not an end in themselves, but only a means to achieve this objective,
which is e.g. faster movement between towns, and improvement of comfort and quality of
life of the user turn. However, improving the comfort of one man (here the passenger) cannot
be at the expense of worsening the living conditions of the other (here people living in areas
in the neighbourhood of railway lines). Therefore, aspirations to build high-speed rail cannot
ignore the environmental aspects.
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