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Executive Summary

The deliverable D4.1 represents the first step of achieving the T4.1. It is considered an intermediary

progress report outlining the actions taken to identify the optimized technical elements necessary

for designing and construction of a vibration data acquisition category system, these vibrations being

produced by the interaction between the railroad tracks and wheels rolling units.

In deliverable D4.1 was made a presentation of phenomena in this category, presentation based on

studies and research conducted previously in other projects or individual activities.

In the first part it presented the vibrations of the railway as researching domain; are described the

characteristics of this phenomenon and the factors that may increase the influence of the size and

intensity of the vibration.

Further, are presented an analysis of the mechanism of generating the vibration and noise (this last

is considered a vibration component).

Vibration effects are generated by the static axle loads moving along the track and by the dynamic

forces which arises in the presence of harmonic or non-harmonic wheels and rails irregularities.

From prior researches, most important frequency range of ground vibration, considering human

perception, is approximately 5-80 Hz.

On a given location the vibration amplitudes will be strongly influenced by the properties of the

ground and the vibration presence must be seen as an interaction between vehicle, track and

ground.

Are presented also, the situation of the S&C as special case of vibrations and noise mechanism.

The importance of measuring and analyses of vibrations and rolling noise resides from the

Environmental Noise Directive (END). The END requires European member states to produce and

publish noise maps on a 5 year cycle.

In next chapter are presented the theory of MEMS sensor, used for converting accelerations into

voltage level, and the design of the equipment realized for measuring sessions.

In the last part are described the initial conditions and the ongoing activities on the three sessions of

collecting data: Cristianu Station from RCCF-Brasov; AFER Laboratory; Sabareni Station.

During data collection sessions, were acquired and saved in formats that can be further processed,

large volumes of data. In deliverable are represented some sequences from these volumes of data,

using representation of default interface of portable oscilloscope Pico Scope.

In the next period, these data will be analysed and compared with information already known about

the occurrence of the vibration and the noise in the rail. Also, when necessary, further activities will

be organized for data collection and testing, especially with the optimized and autonomously

equipment, which will be achieved within T4.1.
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Abbreviations and acronyms

Abbreviation /
Acronym

Description

EU European Union

FMEA Failure Modes and Effects Analysis

ICT Information and Communications Technology

IEC International Electro technical Commission

IM Infrastructure Manager

LCA Life-Cycle Assessment

LCC Life-Cycle Costing / Life-Cycle Cost

M&R Maintenance and Renewal

ABC Activity Based Costing

MRT Mean Repair Time

MTTF Mean Time To Failure

RAM Reliability, Availability and Maintainability

RAMS Reliability, Availability, Maintainability and Safety

UIC Union Internationale des Chemins (International Union of Railways)

CM Corrective Maintenance

FME(C)A Failure Mode, Effects (and Criticality) Analysis

IM’s Infrastructure Managers

MGT/MGTPA A measure of traffic in units of million gross tonnes per annum

PM Preventive Maintenance

RCF Rolling Contact Fatigue

SA Safety Analysis

US/UT Ultra-Sonic / Ultra Sonic Testing

DB Deutsche Bahn – German IM

NR Network Rail – British IM

S&C Switches & crossings

TCDD Türkiye Cumhuriyeti Devlet Demiryolları – Turkish IM  

TSL Temporary Speed Limitation

END Environmental Noise Directive

OOR Out Of Roundness

MEMS Microelectromechanical Sensors
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1 General aspects concerning the phenomenon
of vibration and rolling noise. Relevance for
measurement and analysis.

It is known that trains moving create moving forces on the ground; these are approximately the
same in the same conditions and so forms patterns of generated forces. The force gives rise to
propagating waves within the ground and a number of types of wave can exist. The nature of this
force pattern is dependable by the components between the train and ground as receiver of forces
and vibrations. These element are enumerated: the rail, the rail fastenings, the sleepers; continuous
slab, ballast etc.
Vibration from trains manifests in two mainly ways for civilians. In some situations the vibrations
could be felt as the effect of the floor resonances inside the buildings. Also, other effects include
noise radiation and disturbance from fixture and fittings.
Also, rolling stock has a major contribution of vibrations generated; unsteady components of the
vehicle (bouncing, rolling, pitching and yawing, etc.) result in additional fluctuating forces on the
track structure. In the same way, defects such as eccentricity of the wheels, non-balanced wheels
and flats of wheels, will contribute to transmitting forces, as vibrations, into the ground.
The passengers of the trains give importance to higher frequency vibration. This is often perceived
as a rumble in buildings that are in the vicinity of railway. A particular feature of trains tending to
give rise to higher vibration is that of axle-hung traction motors. When the train moves the stress
pattern will move with it, although modified to a small extent by the finite propagation velocity of
the stress waves.

1.1 Vibrations characteristics as types of trains
Vibrations in the railway operating are distinctive, mainly as type of trains that cause its.
As a main rule or condition, the heavier the train the more vibration will be generated. A heavy
freight train with average speed generates significant magnitude of vibration at low frequencies
range, which travel away in the ground comparing with the high frequencies that suffer a major
amortization in the ground.
It has been concluded from tests from other projects that the ground vibration wave’s shapes and
magnitude are affected by many factors:

 The ground type and quality; could be considered the most important factor.

 The train type.

 Railway track and the embankment construction design.

 Speed of train.

 Distance from the rail way track to the building (receiver).

 Building type and the foundation design.

Most analysed cases, as different sources of vibrations, are related to the following paragraphs.

1.1.1 Commuter and Inter City Passenger Trains
The category includes passenger trains powered by diesel or electric locomotives. In terms of
vibrations effects, the mainly difference between commuter and intercity passenger trains is that
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the latter are on a less frequent schedule. Both often share track with freight trains, which have
quite different vibration characteristics. The locomotives of these types create frequently the high
vibration amplitude levels. These are considered the vibration problems anytime that new
commuter or intercity passenger service are introduced in an urban or suburban area.

1.1.2 High Speed Passenger Trains
High – speed passenger trains, such as the Japanese Shinkansen, the French TGV, the German ICE
and the Swedish X2000, have a potential of creating high levels of ground – borne vibration.
Ground vibration should be anticipated as one of the major environmental impacts of any high
speed train that is running in an urban or suburban area.

1.1.3 Freight Trains
Local and long distance freight trains are similar in that they are mostly electric – powered and have
the same types of cars. Differences are in the overall length, number and size of locomotives, and
number of heavy loaded cars. Moving units with wheels’ irregularities are the sources of the highest
vibration levels. (1)

1.2 Vibrations factors of influence
Vehicle Suspension
If the suspension is rigid in the vertical direction, the effective forces will be higher. On transit cars,
only the primary suspension affects the vibration levels, the secondary suspension that supports the
car body has no apparent effects.

Wheel Type and Condition
Normal resilient wheels on rail transit system are usually too stiff to provide significant vibration
reduction. Wheel flats and general wheel roughness are the major cause of vibration from steel
wheel/steel rail system.

Track/Roadway Surface
Rough track are often the cause of vibration problems. Maintaining a plain and smooth surface will
reduce vibration levels.

Track fastening System
On rail systems, the track support system is one of the major components in determining the levels
of ground – borne vibration. The highest vibration levels are created by track that is rigidly attached
to a concrete tracked. The vibration levels are much lower when special vibration control track
system such as resilient fasteners; ballast mats and floating slabs are used.

Speed
As default condition, higher speeds means higher vibration levels.

Transit Structure
The general rule is that the heavier the transit structure, the lower the vibration levels. The vibration
levels from a lightweight capacity tunnel will usually be higher than from a poured concrete subway
tunnel.
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Depth of Vibration Source
There are significant differences in the vibration characteristics when the source is underground
compared to at the ground surface.

According to the studies and the results of experiments, the vertical Z direction is the most
dominating direction compared with the transversal and longitudinal directions (X and Y).

1.3 Importance of measuring and analyses of vibrations and
rolling noise

1.3.1 Rolling noise – part of vibration

In the category of vibrations, the rolling noise represents an important component. Actually, the
noise of railway represents the vibrations that are in the audible range of frequency.
The rolling noise produce at the same time negative influence against life cycle of the wheels and
rails but also an immediate effect against buildings and civilians living near railways.

A number of noise sources are associated with the railway operating activities. From these sources,
the rolling noise considered to be the most important. Rolling noise is generated by the combined
surface roughness of the rail and wheels of train. When the train moves, this surface roughness
excites both the track and wheel which then radiate noise.
Even surfaces that apparently are smooth to the touch, have some roughness and will generate
noise. One of the best ways to manage railway noise is to ensure the operation of smooth wheels on
smooth rails.

Rolling noise is a component of vibration phenomenon and is considered the most important noise
source associated with the Great Britain railway network. It is generated by roughness of the wheel
and rail. The combined roughness excites both the wheel and track, which then radiate noise. Wheel
roughness tends to stabilise at a level determined by the vehicle braking system. Typical Great
Britain rolling stock have relatively smooth wheels due to the preference for composite brake blocks
and disc brakes over cast iron brake blocks. Rail roughness tends to increase over time according to
tonnage supported in time and can be controlled by grinding operations.
Noise and vibration could be identified as sources and initial conditions as follows:

 Interior noise - the noise inside passenger vehicles has a great effect on the level of
passenger comfort.

 Noise radiated from bridges - the vibration of the track is transmitted into the bridge
structure which in turn radiates low frequency sound. This can raise the overall level of noise
near bridges by up to 20dB. This kind of problem could be greatly reduced through
optimizing design of bridges.

 Impact noise, which are generated at discontinuities in the track or wheel, e.g. points and
crossings, rail joints, irregularities of rail welds and wheels.

 Wheel-rail rolling noise - this is a large band of noise and is caused by vibrations of the wheel
and rail when are in contact one each other, mainly caused by irregularities of the running
rails. This is the dominant source of noise from railway operational activities. Researches
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have been conducted into Silent Freight and Silent Track projects, searching solutions for
rolling noise.

 Aerodynamic noise from trains - this is significant compared with rolling noise only at very
high speed, typically above 300 km/h.

 Squealing as wheels traverse curves of tight radius - this high pitched tonal noise is an acute
cause of annoyance to those living adjacent to such a curve. It is of particular concern for
urban railways and tramways which often have tight radius curves close to buildings.
Mainline freight and passenger railways are also affected at tight curves in depots, sidings
and stations.

 Low frequency vibration as major component in the ground - such vibration occurs in
locations of soft soil and propagates parallel to the ground surface with a low rate of
attenuation with distance. This is of particular concern for heavy axle freight operations. The
dominant frequencies are between 4 and 50 Hz. Researches have led to the development of
both boundary element and analytical models that can be used for analysing the
propagation of vibration through layers of the ground structures.

 Rumbling noise from trains in tunnels (ground-borne noise) - this is generated as vibration of
the track that is transmitted through the ground and radiated as sound within buildings by
vibration of their walls. This has components between about 30 Hz and 200 Hz. It can be
particularly annoying as it comes from a source that cannot be predicted and estimated as
magnitude.

 Engine noise and other sources of noise at depots and stations - this has characteristics
common to industrial noise sources.

1.3.2 The Environmental Noise Directive (END) & noise mapping

The END requires European member states to produce and publish noise maps on a 5 year cycle.
Separate maps are produced for different noise sources, these include railways, roads, airports and
industry. One of the aims of the END is improve public understanding and engagement with
environmental noise.
For achieving a new version of noise maps as acoustic component of vibrations, for example,
Network Rail reassessed the acoustic survey in 2012, which has demonstrated that the improved rail
maintenance programme targeted to a reduction in rails vibrations has achieved a significant
reduction in rolling noise, through smoother rails across the railway network in Great Britain. (2)

1.4 Mechanism of generating vibrations and rolling noise

1.4.1 Interaction between wheels, rails and ground

Vibration effects from railway traffic is generated either by the static axle loads moving along the
track or by the dynamic forces which arises in the presence of harmonic or non-harmonic wheels
and rails irregularities. From the prior measurements and experiments, the most important
frequency range of ground vibration considering human perception, is approximately 5-80 Hz. The
excitation by the static axle loads primarily leads to low frequency vibrations which are attenuated in
the direction away from the track. The frequency content of the dynamic excitation is determined by
the speed of the vehicle and the wavelength contents of the irregularities exciting the wheel-rail
contact patch. On a given location the vibration amplitudes will be strongly influenced by the
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properties of the ground and the vibration presence must be seen as an interaction between vehicle,
track and ground. (3)
A train running on a surface line will affect its environment by emissions of air-borne and ground-
borne noise as well as ground vibration. Among these emissions the perceivable ground-borne
vibration have the lowest frequency content ranging from a few Hz up to around 80 Hz (4), (5).
The highest frequencies are found in the air-borne noise radiated directly from the wheel and rail
surfaces, this is from category of rolling noise with typical frequency range 50-5000 Hz (6). Due to
the very small variations in the air characteristics between different locations, the propagation of
air-borne noise will be essentially the same on all places. As opposite, ground properties will vary
significantly from one site to another and the propagation of ground-borne noise and vibrations will
be specific from one location to the other.
The variation of the rigidity of the rail sections is followed by the moving load caused by the discrete
sleeper support. This will produce a new form of dynamic excitation of the wheel-rail contact
surface. This is commonly referred as parametric excitation and will have a fundamental frequency
determined by the speed of the vehicle and the spacing between the sleepers. This sleeper passing
frequency is apparent in most ground vibration measurements (7). Commonly in Europe a sleeper
spacing of about 60 cm is used which for a vehicle travelling at 100 and 200 km/h would cause a
parametric excitation at about 45 and 90 Hz respectively. These frequencies are within the typical
range of frequencies related to ground-borne noise and vibration. On a given track, the amplitude of
the excitation is varying with axle load and running speed and in turn also with frequency. The
excitation increases with speed as the fundamental frequency reaches the vehicle-track resonance.

1.4.2 Wheel out-of-roundness and roughness

Imperfections of the wheels and rails are important when considering the dynamic formation of
vibration in the ground. Limiting the application analyses to the rolling stock, the wheel out-of-
roundness (OOR) and roughness should be considered as significant causes and also points of
possible improvements. Wheel-rail contact forces excited by wheel imperfections are problematic
for several reasons as they give rise to noise and cause wear and damage to both vehicle and track.
The differences are represented by the type of imperfection present on the wheel, e.g. wheel flat,
roughness, eccentricity or polygon shaping, also together with the speed of the vehicle. Periodic out-
of-roundness with one or more wavelengths around the wheel circumference gives a harmonic
excitation while a wheel flat leads to an impulse excitation. The resulting vibration level in the
ground will be dependent on the track- and ground reacceptances which varies from one site to
another. (3)

1.4.3 Periodic out-of-roundness

Periodic OOR with wavelengths ranging from approximately 14 cm up to one wheel circumference is
found primarily on disc-braked wheels while block-braked wheels hold more corrugation with
smaller wavelengths in the range 3-6 cm. This the latter situation is found to be a result of the heat
during breaking which causes local material expansion of the tread and in wearing. Furthermore
almost all wheels suffer to some extent from eccentricity which is a consequence of misalignment
during profiling or re-profiling. Taken in consideration the speed of different vehicle types and the
most important, the frequency range of vibration in the ground of considered area, it is evident that
the long wavelength OOR is the primary issue. Corrugation and roughness primarily excites rolling
noise which has been got much more attention compared to ground vibrations.
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The longest wavelength of a periodic wheel OOR is equal to one wheel circumference. This, together
with the speed of the vehicle sets the lower frequency limit of the excitation. Lower frequencies in
the spectrum must then be associated with track irregularities or quasi-static excitation. Table 1.1 -
gives the wavelength range of the excitation from OOR for vehicles running at different speeds. The
excited frequencies are assumed to be in the 5-80 Hz range which is pointed out to be the most
important one considering human exposure. (3)

Vehicle Freight train Conventional
passenger train

High-speed
passenger train

Frequency range [Hz] 7-80 18-80 30-80

Speed [km/h] 70 180 300

Wavelengths [m] 0.25-4 0.6-10 1-17

Wheel radius [m] 0.45 0.45 0.45

Wheel orders 1-11 1-5 1-3

Table 1.1 - Wavelengths of wheel OOR important to ground vibration excited by different

vehicle types (3)

Railway induced ground vibration depends on a variety of factors that have influence of dynamic and
quasi-static excitation as well as propagation through the track system.
The key factors of the vehicle / track system which determine ground vibration are related to the
track design and the maintenance of wheel and rail as quality and intrinsic characteristics:

 Design of the track, more precisely the properties of the track mass/spring/damping system
consisting of rail, pads, sleeper, ballast, slab, embankment.

 Impact excitation from track discontinuities like switches & crossings and insulation joints

 Wheel / rail surface quality, roughness including corrugation, out-of-roundness, flats, etc.

1.5 Switches & crossings as particular case

1.5.1 Description of vibrations in S&C area

Switches & crossings (S&Cs, turnouts) contain a switch panel and a crossing panel that are
connected by a closure panel. Dynamic interaction between vehicle and track has more complexity
than on tangent or curved tracks. Wheel - rail impact loads vibrations with large magnitudes and
significant contributions from high-frequency vehicle–track interaction could be an example; these
are generated when the nominal wheel and rail contact conditions are disturbed at various locations
in the S&C, such as at wheel transfer from wing rail to crossing nose in facing direction. The impact
load at the crossing may be a significant source to ground vibration and noise.
The switch panel and the crossing panel are the most important for ground vibration as they feature
changes in rail cross-section, track curvature, track irregularities and track stiffness variations.
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Figure 1.1 - Components of an S&C with main (through) and diverging routes. (8)

1.5.2 Mechanisms of excitation

In addition to the wheel and rail unevenness, which is the predominant excitation in straight lines, a
train rolling on a turnout is subjected to track geometrical irregularities (sudden change in track
vertical or lateral alignment, implying changes in contact point location and number), as well as track
stiffness variation (due to rail cross section variation and stiffness variation of the different
components along track e.g. wing rail, crossing nose, sleepers, etc.)
These phenomena are combined in the contact force resulting from the wheel - rail interaction.
Notice that in Figure 1.1 the wheel and rail unevenness is not represented, but it is also present in
turnouts. The repetitive high forces generate rail surface damage which in turn gives rise to higher
impact load.
The propagation in the ground will be different depending on the frequency range but also on the
nature of the excitation: point or linear sources.
The relationship between contact force and ground borne vibration is not very clear for turnouts, as
it is more complex than for straight line. More investigations are required in this domain.
Measurements of contact force show amplifications in the frequency range [50 - 80] Hz,
corresponding to the resonance of the vehicle un-sprung mass on the track stiffness.
One objective of INNOTRACK in SP3 was to optimise the transition geometry and stiffness of resilient
elements in the crossing panel to reduce material degradation (wear and plastic deformation) of the
rails.
From differences in vibration turnout-amplifications it could be concluded that there are possibilities
to improve the switching nose as part of a turnout. The wheel transition over a turnout shows that
geometry is important for optimum and low energy impacts at the crossing nose. There is an
influence of vertical and horizontal geometries.
Researching in this domain established a behaviour for vibration frequency at a high speed (ex. at
least 150Km/h) through creating a low-pass filtering effect.
Higher accelerations and vibrations effects are noted when the wheel passes rail joints, but these
peak values are not importantly influenced by the speed of the train. Higher values around 80 Hz
correspond to the resonance frequency of the track
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Any modelling process should allow the separate components, considered as sources of noise:
wheel, rail, sleeper, etc., to be identified.
It is considered that the contribution of the rail is the dominant source; the wheel is a vibration
source high frequencies and the sleeper is most important at low frequencies.
Since the contributions to the total noise from the wheel and the track are of similar magnitude,
noise reduction of only one part will have limited effect on the total. In order to make substantial
progress in the long term towards a quieter railway, noise reduction measures must be developed
for both vehicles and track. (8)
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2 Data collection equipment - description of
hardware and functional structure

2.1 Equipment used for data collecting – into laboratory conditions
but also in real field environment

The equipment platform for data collecting in laboratory conditions, as basic activity, but also in real
field conditions, was using an adapter board surrounding the LIS344ALH integrated circuit core. This
solution represents a three-axis analogue output linear accelerometer core.

LIS344ALH inertial sensor represents a high performance 3-axis ±2/±6g ultra compact linear
accelerometer.
LIS344ALH will be used for this stage of data collection due to the analogue output, providing the
acquired data. The simplicity of operation allows easy integration and use in an efficient system for
collection, analysis and modelling.
The developed electrical interface allowed the accelerometer connection to a digital oscilloscope
with memory and with integrated spectrum analysis functions.

For the second stage of achieving T4.1, with deliverable D4.2, an optimized model of accelerometer
from the same family MEMS sensors - Microelectromechanical Sensors will be used.
This model will acquire digital data and transmit them to a microcontroller for processing; it will also
provide useful functions and events for managing the acquisition process. In this way, through the
decentralization of tasks, it will be possible to develop a system independently of data acquisition
and communication, fully autonomous and optimized for operation in harsh environments.

The main objective of data collection activity, in this stage, is to characterize the phenomenon of
vibration and noise in rail when a train crosses a section of line.
Specialized devices placed on the line will sample detect acceleration values and sent it to a data
concentrator.

To data acquisition correctly is necessary to know the correct values of the resonant frequency of
the vibration in rail; it will be used to set the correct sampling rate. Maximum sampling rate will be
determined based on measurements and this parameter will be used in designing the final system.

2.1.1 Technical Specifications

The LIS344ALH is an ultra-compact consumer low-power three-axis linear accelerometer that
includes a sensing element and an IC interface able to take the information from the sensing
element and to provide an analogic signal to the external world.

Features: 2.4 V to 3.6 V single supply operation; ±2 g / ±6 g user selectable full-scale; Low power
consumption; Output voltage, offset and sensitivity are ratio metric to the supply voltage; Factory
trimmed device sensitivity and offset; Embedded self-test; RoHS/ECOPACK® compliant; High shock
survivability (10000 g).
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The sensing element, capable of detecting the acceleration, is manufactured using a dedicated
process developed by ST to produce inertial sensors and actuators in silicon.
The IC interface is manufactured using an ST proprietary CMOS process with high level of
integration. The dedicated circuit is trimmed to better match the sensing element characteristics.

The LIS344ALH has a dynamically user selectable full-scale of ±2 g / ±6 g and it is capable of
measuring accelerations over a maximum bandwidth of 1.8 kHz sampling rates, for all axes. The
device bandwidth may be reduced by using external capacitances. The self-test capability allows the
user to check the functioning of the system.
It is guaranteed to operate over an extended temperature range of -40 °C to +85 °C.

Figure 2.1 - Block diagram of the accelerometer chipset - LIS344ALH
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Figure 2.2 – Directions of detectable acceleration and pin connection for LIS344ALH
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Figure 2.3 - Pin connection for LIS344ALH

2.1.2 Terminology used in electronics of MEMS sensors

2.1.2.1 Sensitivity

The sensitivity describes the gain of the sensor and can be determined by applying 1g acceleration to
it. As the sensor can measure DC accelerations this can be done easily by pointing the axis of interest
towards the centre of the Earth, note the output value, rotate the sensor by 180 degrees (point to
the sky) and note the output value again thus applying ±1g acceleration to the sensor. Subtracting
the larger output value from the smaller one, and dividing the result by 2, will give the actual
sensitivity of the sensor. This value changes very little over temperature and also very little over
time.
The Sensitivity tolerance describes the range of sensitivities of a large population of sensors.

2.1.2.2 Zero-g level

This parameter describes the actual output signal if there is no acceleration present. A sensor in a
steady state on a horizontal surface will measure 0 g in X axis and 0 g in Y axis whereas the Z axis will
measure 1g. The output is ideally for a 3.3 V powered sensor Vdd / 2 = 1650 mV. A deviation from
ideal 0-g level (1650 mV in this case) is called Zero-g offset. Offset of precise MEMS sensors is to
some extend a result of stress to the sensor and therefore the offset can slightly change after
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mounting the sensor onto a printed circuit board or exposing it to extensive mechanical stress.
Offset changes little over temperature and the Zero-g level of an individual sensor is very stable over
lifetime.
The Zero-g level tolerance describes the range of Zero-g levels of a population of sensors.

2.1.2.3 Self-test

This function allows to test the mechanical and electric part of the sensor, allowing the seismic mass
to be moved by means of an electrostatic test-force. The Self-Test function is off when the ST pin is
connected to GND. When the ST pin is tied at Vdd an actuation force is applied to the sensor,
simulating a definite input acceleration. In this case the sensor outputs will exhibit a voltage change
in their DC levels which is related to the selected full-scale and depending on the supply voltage
through the device sensitivity. When ST is activated, the device output level is given by the algebraic
sum of the signals produced by the acceleration acting on the sensor and by the electrostatic test-
force. If the output signals change within the amplitude range specified, then the sensor is working
properly and the parameters of the interface chip are within the defined specification.

2.1.2.4 Output impedance

Output impedance describes the resistor inside the output stage of each channel. This resistor is part
of a filter consisting of an external capacitor of at least 1nF and the internal resistor. Due to the high
resistor level, only small inexpensive external capacitors are needed to generate low corner
frequencies. When interfacing with an ADC it is important to use high input impedance input
circuitries to avoid measurement errors. Note that the minimum load capacitance forms a corner
frequency close to the resonance frequency of the sensor. In general, the smallest possible
bandwidth for a particular application should be chosen to get the best results.

2.1.3 How the accelerometer works

The LIS344ALH is an ultra-compact low-power, analogue output three-axis linear accelerometer. The
complete device includes a sensing element and an IC interface able to take the information from
the sensing element and to provide an analogue signal to the external world.
A proprietary process is used to create a surface micro-machined accelerometer. The technology
allows it to carry suspended silicon structures which are attached to the substrate in a few points
called anchors and are free to move in the direction of the sensed acceleration. To be compatible
with the traditional packaging techniques a cap is placed on top of the sensing element to avoid
blocking the moving parts during the moulding phase of the plastic encapsulation.
When an acceleration is applied to the sensor the proof mass displaces from its nominal position,
causing an imbalance in the capacitive half-bridge. This imbalance is measured using charge
integration in response to a voltage pulse applied to the sense capacitor. At steady state the nominal
value of the capacitors are a few pico F.

2.1.3.1 IC interface

The complete signal processing uses a fully differential structure, while the final stage converts the
differential signal into a single-ended one to be compatible with the external world.
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The first stage is a low-noise capacitive amplifier that implements a Correlated Double Sampling
(CDS) at its output to cancel the offset and the 1/f noise. The produced signal is then sent to three
different S&Hs, one for each channel, and made available to the outside.
All the analogue parameters (output offset voltage and sensitivity) are ratio metric to the voltage
supply. Increasing or decreasing the voltage supply, the sensitivity and the offset will increase or
decrease linearly. This feature provides the cancellation of the error related to the voltage supply
along an analogue to digital conversion chain.

2.1.3.2 Factory calibration

The IC interface is factory calibrated for sensitivity (S0) and Zero-g level (Voff).
The trimming values are stored inside the device by a non-volatile structure. Any time the device is
turned on, the trimming parameters are downloaded into the registers to be employed during the
normal operation. This allows the user to employ the device without further calibration.

Figure 2.4 - LIS344ALH electrical connection for generic applications

The LIS344ALH allows to band limit VoutX, VoutY and VoutZ through the use of external capacitors.
The recommended frequency range spans from DC up to 1.8 kHz. In particular, capacitors are added
at output VoutX, VoutY, VoutZ pins to implement low-pass filtering for antialiasing and noise
reduction. The equation for the cut-off frequency (ft) of the external filters is in this case:

Taking into account that the internal filtering resistor (Rout) has a nominal value equal to
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110 K, the equation for the external filter cut-off frequency may be simplified as follows:

The tolerance of the internal resistor can vary typically of +/-20% within its nominal value of
110 KΩ; thus the cut‐off frequency will vary accordingly. A minimum capacitance of 1nF for 
Cload(x, y, and z) is required.

2.1.4 NeTIRail-INFRA electronics schema design

For our application was realized an electrical platform with following schema design.

Figure 2.5 - Electrical design of the data acquisitioning device

The three outputs of the acquisitioning device are connected through one the shielded cable to a
digital Pico Scope unit, which is connected, for data transferring and graphic analyses, to a Laptop,
using an USB interface.
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3 Test typology for determining the most
important features of the rail

In order to further assimilation of the new device, was made a test typology for determining the

most important features of rail. To determine the main features of rail such as, vertical

static/dynamic load which simulates vertical load occurs during the wheel-rail contact and

accelerations that occur during rail vibrations were used two types of rail: common and welded rail.

The test typology was developed in the AFER laboratories.

3.1. Tests performed on a piece of common rail

3.1.1 Static load force on a piece of common rail

In static compression operating mode to continue static vertical load acting on the rail for a period of

50 s was measured.

Figure 3.1 - Static load force applied on a common rail

Figure 3.2 - Values obtained by applying a static load force on a common rail
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3.1.2. Dynamic load force on a piece of common rail

In dynamic compression operating mode for 5 Hz and 10 Hz working frequencies t

acting on the rail for a total of 1500 cycles for each operating frequency was measured.

Figure 3.

Figure 3.

3.2. Tests performed on a piece of welded rail

Dynamic tests were carried out on a piece of welded rail, measuring the vertical and long
accelerations and loads per rail for a total of 10,000 cycles.
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3.1.2. Dynamic load force on a piece of common rail

In dynamic compression operating mode for 5 Hz and 10 Hz working frequencies t

acting on the rail for a total of 1500 cycles for each operating frequency was measured.

.3 - Vertical load acting on the common rail - 5 Hz working frequency

.4 - Vertical load acting on the common rail - 10 Hz working frequency

3.2. Tests performed on a piece of welded rail

Dynamic tests were carried out on a piece of welded rail, measuring the vertical and long
accelerations and loads per rail for a total of 10,000 cycles.
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In dynamic compression operating mode for 5 Hz and 10 Hz working frequencies the vertical load

acting on the rail for a total of 1500 cycles for each operating frequency was measured.

5 Hz working frequency

10 Hz working frequency

Dynamic tests were carried out on a piece of welded rail, measuring the vertical and longitudinal
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3.2.1. Description of tools used

For simulating the dynamic vertical load, a press was used, whose features are described in the next

chapter. Also, for measuring acceleration data, were used the following instrumentation: a data

acquisition system HBM - Spider 8, a notebook with a professional software (CATMAN) and two

acceleration transducers type HBM - B12/200, mounted on the direction OX and OZ: vertical and

lateral directions relative to the rail, with following characteristics:

Figure 3.5 - Acceleration transducer type HBM - B12/200

Figure 3.6 - The main characteristics of acceleration transducer HBM - B 12/200

Figure 3.7 - Data acquisition system HBM - Spider 8



D4.1: Data collection equipment in
the laboratory environment, and
plan for field trials

NeTIRail-INFRA

Figure 3.8. Welded rail during tests

3.2.2. Dynamic values obtained after 3.600 cycles

Vertical accelerations
[m/s2]

Samples 38384

Minimum value 33,14

Maximum value 35,95

Mean 34,84
Table 3.1

Figure 3.
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3.8. Welded rail during tests

3.2.2. Dynamic values obtained after 3.600 cycles

Vertical accelerations Longitudinal accelerations
[m/s2]

Vertical load
[kN]

38384 38384

33,14 -0,425

35,95 0,375

34,84 -0,029
1 - Dynamic values obtained after 3.600 cycles

.8 - Values obtained after 3.600 cycles
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Vertical load
[kN]

38384

-0,048

152,52

39,91
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3.2.3. Dynamic values obtained after 10.000 cycles

Vertical accelerations
[m/s2]

Samples 59057

Minimum value 34,59

Maximum value 35,09

Mean 34,82
Table 3.2

Figure 3.
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3.2.3. Dynamic values obtained after 10.000 cycles

Vertical accelerations Longitudinal accelerations
[m/s2]

Vertical
[kN]

59057 59057

34,59 -0,288

35,09 0,263

34,82 -0,020
2 - Dynamic values obtained after 10.000 cycles

.9 - Values obtained after 10.000 cycles
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Vertical load
[kN]

59057

-0,012

58,87

42,13
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4 Data collecting activities – planning and work
performed

The activities mentioned in the project description represent a basic level requesting for data
collection, in the preliminary stage of T4.1. Making a platform with superior performance, has
enabled the organization of data collection activities in field conditions and the real environment.
These results are very close to how the final system should work.

4.1 Data collecting from RCCF, Cristianu Station

First session of data acquisition was performed at partners from RCCF - Brasov, Cristianu station.
In this point a measurement system was installed in an area of S&C and data were acquired when
locomotives are passing through the measurement zone.
Data were acquired both in time, to determine the range of amplitudes that vibrations falling but
also in the frequency domain, based on Fourier transform, to determine the frequencies of the
signal that focuses highest-energy signals on which vibrations caused. As a basis, time
measurements in time domain could be analysed off line in frequency domain, with MatLab
application.
In this area are installed wood sleepers and the rail is from category UIC 54.

Figure 4.1 - Data collecting at Cristianu Station - RCCF

4.2 Testing equipment and collecting data at AFER Laboratory

Second session of collecting data was achieved on the AFER partner, on the Laboratory Testing for
Mechanical Stress.
On this occasion it was made an extensive series of mechanical tests to obtain detailed forms and
amplitudes of acceleration of the rail which were subjected to various stresses.
Each series of vibration tests was documented with initial conditions for optimal analysis and
comparison.
Description and results are presented at Chapter 5.2
The subject rail used for testing is described following:
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Figure 4.2 - Rail profile 50E6

Characteristics of the rail:
Cross sectional area: 64.84 cm2.
Weight per meter: 50.90 kg/m.
Dimensions: A = 30.942 mm; B = 43.838 mm.
Hardness range (HBW): 260 – 300.
The steel mark of the rail is R260, with following alloy composition:
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Figure 4.3 - Detail of mounting data collection device on the subject rail, with protective

EMI shielding housing

Figure 4.4 - Detail of mounting data collection device on the subject rail, without

protective EMI shielding housing
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Figure 4.5 - Complex equipment used to generate test conditions: vibration,

mechanical tension in rail, etc.

For application of the mechanical stress as tension on the testing rail, was used a Static Material
Testing Machine type: ZD 200 – 400; manufacturer: VEB LEIPZIG - Germany. The machine can apply
compression strength in the ranges (20-200) kN, with a resolution of 0.1 kN and (200 – 1600) kN with
a resolution of 0.1 kN.

4.3 Collecting data in real field, at Sabareni

A third round of testing was conducted again in the open field, in the real conditions of usability of a
railway line. It was chosen as the point of installation for the equipment and data collection, the
Sabareni railway station. This line is a main line and has intensive circulation and high density of
trains.
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Figure 4.6 - Installation of collecting data equipment; image 1

Figure 4.7 - Installation of collecting data equipment; image 2

Figure 4.8 - Blue Arrow – first train passing
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Figure 4.9 - Blue Arrow – second train passing
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5 Results and future planning

5.1 Testing equipment and data collection in the Cristianu Station,
from RCCF

At Cristianu Station were recorded data for two passenger trains. Following is presented a sequence

of registered data for one train, in time domain but also in frequency domain. In the measuring area

there are wooden sleepers which are placed at a distance of 60 cm each. Material loading between

sleepers is type granitic ballast. The rails in this section is from category UIC 54

Figure 5.1 - The sequence of data in the time domain (left) and frequency domain (right)

5.2 Testing equipment and data collection in the AFER laboratory

Acceleration data were acquired from sensors mounted on the direction OX and OZ: vertical and

lateral directions relative to the rail.
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5.2.1 Determining the initial, ambient noise, without mechanical loading

Figure 5.2 - Schematic design with testing rail placed in the stress loading device;

collecting device mounted outside the fixing points

Data was collected from rail mounted device, with and without protective EMI shielding housing. On

the two axes 0X and 0Z were recorded peak to peak values.

5.2.1.1 Device with shielding housing

With shielding housing: 0X = 400uV; OZ = 350uV.

Figure 5.3 - Ambient noise in the time domain (left) and frequency domain (right); device

with shielding housing

5.2.1.2 Device without shielding housing

Without shielding housing: OX = 490uV; OZ = 420uV.
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Figure 5.4 - Ambient noise in the time domain (left) and frequency domain (right);

without shielding device housing

After data collection was found that shielding enclosure improves signal reception by reducing noise

with approx. 20-25%.

5.2.1.3 The initial placement of the device; without mechanical rail loading - Determine the

amplitude of vibration and oscillation frequencies to mechanical stress by striking

with a hammer

Figure 5.5 - Schematic design with testing rail placed in the stress loading device;

collecting device mounted inside the fixing points
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5.2.1.4 Mechanical stress through vertical striking with a hammer

Figure 5.6 - The sequence of data in the time domain (left) and frequency domain (right)

5.2.1.5 The secondary placement of the device; without mechanical rail loading - Determine

the amplitude of vibration and oscillation frequencies to mechanical stress by striking

with a hammer

Figure 5.7 - Schematic design with testing rail placed in the stress loading device;

collecting device mounted inside the fixing points
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5.2.1.6 Mechanical stress through vertical striking with a hammer

Figure 5.8 - The sequence of data in the time domain (left) and frequency domain (right)

– Registration 1

Figure 5.9 - The sequence of data in the time domain (left) and frequency domain (right)

– Registration 2
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5.2.1.7 The secondary placement of the device; with mechanical rail loading - Determine the

amplitude of vibration and oscillation frequencies to mechanical stress by striking

with a hammer

5.2.1.8 Static and vertical rail loading with 10 tons weight. Dynamic mechanical stress

through vertical striking with a hammer

Figure 5.10 - The sequence of data in the time domain (left) and frequency domain (right)

– Registration 1

Figure 5.11 - The sequence of data in the time domain (left) and frequency domain (right)

– Registration 2
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5.2.1.9 Static and vertical rail loading with 5 tons weight. Dynamic mechanical stress through

vertical striking with a hammer

Figure 5.12 - The sequence of data in the time domain (left) and frequency domain (right)

– Registration 1

Figure 5.13 - The sequence of data in the time domain (left) and frequency domain (right)

– Registration 2
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5.2.1.10 Static and vertical rail loading with 5 tons weight. Dynamic mechanical stress through

lateral striking with a hammer

Figure 5.14 - The sequence of data in the time domain (left) and frequency domain (right)

– Registration 1

Figure 5.15 - The sequence of data in the time domain (left) and frequency domain (right)

– Registration 2

5.3 Testing equipment and data collection in the Sabareni Station

Data were recorded for two dedicated trains of passengers.

Data acquisition was made in time domain.
Frequency domain analysis of the recorded data will be done from the time domain by using
conversion functions of the Mat Lab application.

In the measuring area there are concrete sleepers which are placed at a distance of 60cm each.

Material loading between sleepers is type granitic ballast. The rails in this section is from category

UIC 65

5.3.1 Blue Arrow train; No. 892. Data collecting in real time

Initial information:

 It is a dedicated passenger train.
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 The locomotive is non electrified;

 Registering data were started from 30 m distance of the train, before accelerometer fixing

position.

 The speed of the train: approx. 40 Km/h;

Figure 5.16 - The sequence of data in the time domain

5.3.2 Blue Arrow train; No. 1784. Data collecting in real time

Initial information:

 It is a dedicated passenger train.

 The locomotive is non electrified;

 Registering data were started from 50 m distance of the train, before accelerometer fixing

position.

 The speed of the train: approx. 50 Km/h;
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Figure 5.17 - The sequence of data in the time domain

5.4 Measures for reducing vibrations negative effects on railway

In situations where very long wavelengths predominate, usually associated with heavy freight trains,
control of vibration is very difficult. Mitigation measures, which are of benefit for shorter
wavelengths, for example creating discontinuities in the ground or using piled foundation for
buildings, are less effective in this situation.

5.4.1 Optimising the maintenance time interval and quality of procedures

The standard EN 15313 is focused on organisational aspects and the management of wheels
maintenance. It defines maintenance requirements for secure interoperability of wheels and also
the geometrical limits for safe wheel/rail (wheelset/track) interaction. Based on the experience it is a
practice for train operators to turn the wheels at short enough intervals to avoid crack length or
cavity length limits being reached. (9)

Accurate function of the axle guidance, the wheel-slide protection system, springs, dampers and
other suspension elements are important primarily for vehicle dynamics, safety against derailment,
running stability etc. The related maintenance practice and the monitoring methods are therefore
well established.

Depending on application, the wheelset consists of different components. There is a difference if the
wheelset is used in a freight wagon, in a coach or in a driven bogie. If additional elements are used
(equipment for steering the wheelsets, lubrication, etc.) for the reduction of wear of wheel and rail,
these must be considered in the wheelset maintenance. In practice, wheelsets of high-speed trains
require regular attention on a wheel to remove tread defects before they reach more than 0.5 mm
in depth. On other train types, OOR up to 2.5 mm are removed by the wheel lathe.

A maintenance guideline for freight wagons is very important to be established. With the delivery of
a wagon, the manufacturer has to provide a maintenance plan for all important components of his
wagon.
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For ground-borne vibration, apart from wheels maintenance, the following components of freight
wagons have to be kept in good condition:

 Brake blocks: periodic control of function, wear and defects.

 Axle box bearing: periodic control of bearing lubrication, visual control of removed axle box
bearing.

 Damper: periodic control of loss of oil, recording of characteristic diagram.

 Primary suspension: periodic control of displacement, visual control of anticorrosive coating,
cracks, notches. (10)

Reducing vibrations and noise could be achieved in significant percent through improved track
maintenance. As example of giving great importance to vibrations and noise produced in rails, recent
study commissioned by Network Rail has demonstrated that improvements to track maintenance
have achieved a significant reduction in noise associated with the operational railway in Great
Britain. These strategies were needed for noise mapping to be completed in England and Wales to
satisfy the requirements of the Environmental Noise Directive (END).

The most efficient solution for reducing the vibrations caused by rails is the rail maintenance
through grinding operations.

From 2003 Network Rail implemented an improved rail maintenance programme. This uses a fleet of
engineering trains to periodically grind the railhead with rotating stones. The grinding removes and
prevents rail defects resulting in longer rail life and also lower levels of rail roughness, vibrations and
noise. (2)

5.4.2 Inspection as maintenance optimisation

Early detection of the rails and wheels defects and accelerated wear are very important to organise
in optimum mode the maintenance activities. Different condition monitoring systems are used to
detect out-of-round wheels. Most condition monitoring systems are focused on the wheels and
bogies since these are the vehicle components that have the largest impact on the performance and
are also the major cost drivers in maintenance. There are track based detection systems and
workshop based detection systems. Track based detection systems are installed in lines and are
working without any speed restriction. By using wheel impact load detectors, structural health
monitoring trends can be observed based on wheel impact data indicating the actual condition of
the wheels. Track based detection systems in long-time commercial use are for example DAfuR in
Germany and GOTCHA in Netherlands.

Workshop based detection systems allow for the detection of different wheel/wheelset data (cracks,
wheel profiles, OOR, wheel diameter, wheel tread defects) but these are situated in the vicinity of a
workshop. The monitoring requires reduced train speed or to be stood still. A sophisticated
workshop based monitoring system is for example ARGUS. (10)

It is important to share data from the detection systems with the rolling stock owner. A direct data
transfer allows the vehicle owner to take immediate remedial actions. If different levels of alarm are
implemented, it allows the vehicle owner to shift from corrective maintenance to conditional
maintenance.

Enumerated below are a few options that exist for reducing rolling noise:
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 Reduce the amplitude of the irregularities at the wheel and rail running surfaces.
It is found, for example, that using disc brakes instead of cast-iron block brakes acting on the
wheel running surface leads to smoother wheels and around 10 dB less noise. Alternatives to
cast-iron for the brake block material also allow this effect to be achieved.

 Reduce the vibration response of the wheel, rail and sleeper to a given excitation.
This can be achieved by adding damping treatments or redesigning the wheel or rail cross-
sectional shape. The rail fastener stiffness is also an important parameter.

 Reduce the sound radiated by the wheel, rail and sleeper for a given vibration level.
Smaller wheels or rails lead to reduced sound radiation. Wheels with holes in the web are also
under investigation as these allow 'acoustic short-circuiting' to occur between the two sides of
the wheel.

 Prevent the noise from reaching the observation position.
This can be achieved for example using conventional lineside barriers. Tests have also been
carried out into a combination of bogie-mounted 'shrouds' and low trackside barriers.

Considerable current research is directed at developing technologies based upon these options,

including the recent Silent Freight and Silent Track European projects.

5.5 Next steps and future planning

The intermediary stage represented by deliverable D4.1 of the task T4.1 allowed a staging design
and construction of equipment which should be provided in this task. It is a stage that allows tests
and data collection as accelerations and vibrations for understanding the phenomena that occur at
the interaction between rolling stock and railway line.

These notions about rails vibrations and rolling noise are a long time concern of the managers of
infrastructure and rolling stock owners, primarily because this aspect is an important factor that
influences the life of rolling stock and wear of rails but, secondly, gain higher importance in relation
with increasing human densities in the vicinity of the rail networks. As it is known, the Environmental
Noise Directive (END) requires European member states to produce and publish noise maps on a 5
year cycle, especially for this last reason.

The large volume of data acquired from the three sources - Cristianu Station, AFER Laboratory,
Sabareni Station - will be further analysed with specialized modelling applications. Vibration
frequencies will be identified which are important in terms of energy released and as can changing
the operational characteristics, through non-homogeneous wearing, both for rails and wheelset.

The results will be compared to those presented by other research reports from other projects in
this research category.

For example, it will examine the presence of a resonance frequency for vibrations induced in the
track; this obtained from AFER tests laboratory, it has a value of approx. 1200Hz and not mentioned
in the analysis models from similar projects.

In parallel with the analysis of data already collected, the designing and manufacturing of the
complex and autonomous system proposed in the T4.1 will continue, which has role to characterize
the rails behaviour when dynamic loading and stress produced by rolling stock. Also taken into
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account by the proposed system will be the two usability situations: plain lines and sections of type
of Switch & Crossings.

It will also continue sessions of data collection, whenever they are deemed necessary. These
sessions will be focused mainly on collecting data in real conditions in the field, on sections of
operational railway. It will also be considered the necessity of organizing sessions for data collections
from the cases of external partners, to ensure uniformity of the solution to be achieved in the step 2
of the T4.1.
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6 Conclusions

Considering dynamic and quasi-static excitation of the wheel-rail contact patch, a number of vehicle
parameters could influence the magnitude and frequency content of the excitation. This is true for
the entire range of excitation from lower frequencies important for ground vibrations and ground-
borne noise to higher frequencies holding air-borne noise. When considering ground vibrations and
also ground-borne noise the ground properties will become as significant influence for the
propagation and are various from one location to the others. Good ground conditions will constitute
a major gain in order to have low vibration levels.

The root cause of the dynamic excitation is the wheel imperfections, the rail imperfections and the
stiffness variations along the track which can take the form of long wavelength rail misalignments or
wheel out-of-roundness, also discrete discontinuities such as rail joints, switches, wheel flats or
other local wheel tread defects. Preventing and mitigating the existence and growth of these would
be beneficial from several points of view such as noise and vibration emissions, comfort and wear. A
relationship between using of cast iron block-brakes and wheel corrugation has been established. It
is obvious that there are more connections between the growth of wheel and rail defects and
vehicle design; these still to be researched and revealed. Especially if future work proves wheel OOR
to be a significant cause of ground vibration the mapping of such correlations could constitute a
major mitigation measure for ground vibration emissions.

One important step forward in the assessment of ground vibration emissions would be to relate the
vibration levels and frequency content to vehicle speed, axle load and the size and shape of the
wheel tread defect. Current limit values on tread defects and contact forces are related to the risk of
wheel and rail damage. These should be assessed for their relevance for ground vibration and new,
better suited limits should be proposed.

T4.1 tried to conduct own research in this field of vibration and noise of railway and has achieved a
platform acquisition and data collection.

With the help of partners involved in the project (AFER and RCCF) were identified several categories
of sources for data collection and, in this regard, were organized testing and collecting data
activities.

In this acceptation, experimenting sessions were conducted to collect data such as acceleration: in
real and functional railway sections - two sessions in this way at next stations: Cristianu Station from
RCCF and Sabareni Station. The second type of data collection, with initial conditions established,
was conducted under controlled laboratory, specialized in mechanical stress, from AFER logistics.

Large volumes of data acquired will be used for analysis in the coming period in order to characterize
more precisely the phenomena of railway vibration and noise, generated by the interaction between
the rail and rolling stock wheels. The information obtained will be used primarily to optimize the
design of equipment to be realized in the second stage. In this regard it would seek a compromise
between resonance frequency as greatest value that occurs in the interaction between wheels and
tires, in relationship with the available speed data communication and storage capacity to the
application of control centre of the system.
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The acquired data were saved in two useful formats. Application format of the digital oscilloscope's
user interface, from the family Pico Scope, allows to reply and view the off-line recording, with
waveforms and amplitudes but also the frequencies where the signal energy is significant.

In parallel, it is done also data saving in .csv format, a common format for analysis and interpretation
for many specialized applications. These files can be loaded into applications such as Excel or Mat
Lab for detailed analysis, post signal filtering process, etc.

Also, whenever necessary, further activities will be organized for data collecting and testing,
especially with the optimized and autonomously equipment, which will be achieved within T4.1.
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