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Abstract
In today’s society with the trends of urbanization and rapid growth comes an in-
creasing demand for fast and eco-friendly land travel, with low noise and vibration
emission. To predict ground-borne noise and vibration from railway systems, sev-
eral empirical and numerical models have been developed. Generally, soft ground
materials can generate low frequency disturbances in the vicinity of the railway.
Stiffer materials can transmit a higher frequency ground-borne noise. Investigations
in Sweden have shown that areas with non-stiff soil materials, for example very loose
clay, can produce high vibration levels at low frequencies. This is true for some of
the soil materials deposited during the melting of the last land covering ice cap,
which can be found at various sites throughout Sweden (glacial soils).

This thesis presents an investigation of ground-borne vibration prediction using an
empirical model named High-Speed 2 (HS2), developed in two major high-speed
railway projects in the United Kingdom. The relevant underlying theory and the
prediction model was studied during the initial literature review. The model was
programmed in Matlab, and has been utilized to compute predictions of vibration
levels arising at a receiver position, as a result of a train passage. A measurement
data set of train passages at a Swedish site where the ground material is consti-
tuted by glacial clay, has been acquired and processed. This was done in order to
compare measurements and predictions for an evaluation of the model’s accuracy
under Swedish conditions. The findings indicate that the HS2 model can compute
relatively accurate vibration level spectra using the default reference data within
the model, for the studied case. The average single value difference (vertical particle
velocity at the soil surface) between vibration level of predictions and measurements
is approximately 2.0 dB, with slight over-estimation of levels for most of the studied
frequency range, 6.3 to 250 Hz. This is considered as good accuracy for general
noise and vibration assessment. However, it should be noted that these results are
based on a comparison of the model with measurement data from one single Swedish
site. Further, the model seem to produce lower levels than measurement data at
very low frequencies. It is possible that new reference source spectra and propa-
gation terms for soft ground materials would increase the accuracy of predictions
for low frequency vibration under Swedish conditions. This would require further
measurements for sufficient statistical confidence.

Keywords: Ground-Borne Noise and Vibration, Railway Systems, Soft Ground Ma-
terials, High-Speed 2 (HS2) Prediction Model, Low Frequency Vibration.
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1
Introduction

This chapter is an introduction to the problem investigated within this thesis project.
A general introduction of the thesis is presented, along with a specification of the
aim and objectives. Demarcations are also covered, as well as a brief examination
of societal, ethical and environmental aspects of the work as a whole.

1.1 General Introduction
With the contemporary trends of urbanisation and rapid growth, comes an increas-
ing demand for fast and eco-friendly land travel such as high-speed trains. Railway
systems are a source of noise and vibration, and sufficiently low levels in the vicinity
of these are a necessity. In urban areas, traffic tend to increase and new buildings
occasionally have to be built close to noise and vibration sources. Furthermore,
train speeds are generally increasing, which further intensifies noise and vibration
issues stemming from railway systems.

Noise and vibration from railways occur partly due to the dynamic interaction be-
tween the train and track system, and partly due to aerodynamically induced noise.
Noisy on-board equipment can also add to the radiated noise from the train. The
excitation of the rails and supporting structure produce mechanical waves that prop-
agate through the ground layers below the track and can in turn excite buildings,
producing noise and vibration that can be problematic. The same applies to railway
lines in tunnels. In general, railways on softer ground such as sand or clay can lead to
low-frequency vibration disturbances in the buildings close by, which is of relevance
in frequency range of 1 to 80 Hz [2]. Railways on stiff ground layers give rise to a
relatively high-frequent ground-borne noise, with the relevant frequency range being
approximately 16 to 250 Hz [2]. Relevant frequencies for ground-borne noise in stiff
rock materials can be even higher, up to approximately 1000 Hz. Depending on
the building type and design, noise and vibration levels can be attenuated, or even
amplified in the structural elements of the building. Older buildings with wooden
floors are often susceptible to low-frequency vibration, but also modern lightweight
floors with long spans can result in a high response. Furthermore, air-borne sound
can also be radiated from the train and the track system which can cause distur-
bances of e.g. nearby residential areas.

To predict vibration levels from a source to receiver with transmission through a
ground layer profile can be rather challenging. This is because of the complex nature
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1. Introduction

of such a dynamic geotechnical problem, with many parameters that influence the
calculated results, as well as several uncertainty factors to take into consideration.
Nevertheless, there are methods developed to deal with such problems. A ground
vibration prediction model is utilized to enable an approximation of vibration levels
around the source. Models are often derived empirically from in-situ measurements,
but there are also numerical simulation models based on for example the Finite Ele-
ment Method (FEM), or the Finite Difference Method (FDM). The surface ground
vibration level at the receiver position can in combination with building response
functions and weighting filters be used to generate predictions of the resulting noise
and vibration inside of the building. Either momentarily during a train passage or
over a longer time period, due to a certain train flow. However, the models depend
heavily on the input parameters defined for the source, propagation path and re-
ceiver. Part of the relevant information and input data for a particular case can
often be missing, and therefore adequate assumption have to be conducted in order
to enable prediction of ground-borne noise and vibration.

In the United Kingdom, in an effort to increase railway capacity, enable higher train
speeds and to lower the carbon footprint of domestic and international travel, the
High-Speed 1 (HS1) railway project [3] has been implemented. The railway line
built within HS1 is a high-speed line from London, England to France through the
English channel tunnel, and was finished in 2007. Currently, the first phase of the
High-Speed 2 (HS2) project [4] is under way. When finished, high-speed railway
lines will connect several major cities in the UK. Both projects have thus far gener-
ated research and knowledge within the field of railway induced ground-borne noise
and vibration. There is an empirical prediction model developed in the HS2 project,
which is published in the documents [5] and [6]. This model is in turn based on a
validated model developed in the HS1 project [7] (see also [8]). The HS1 model is
based on over 3000 measurements of trains running at speeds of up to 300 km/h,
with data from operation on both ground surface level and in bored train tunnels.
The model has been validated with in-situ measurements done at two locations in
Europe; Muelberg, Germany and Vendome, France [7]. Further, the model has been
utilized in various railway and infrastructure projects globally. The aim of the HS2
model is to enable extrapolation of predicted noise and vibration level values to be
applicable for train speeds up to 360 km/h. The model has been proven to compute
relatively accurate predictions. However, when predicted levels where compared
with measurement data from Germany and France in [7], it was shown that the
accuracy of the predictions depend on the geological conditions at the site.

This thesis project is conducted in Gothenburg, western Sweden. The HS2 model
will be investigated, in particular its applicability and accuracy on Swedish condi-
tions. Soil materials with low stiffness are rather common in western Sweden, and
these are generally more susceptible to low-frequency vibration when compared to
stiffer soils. Resonances occurring in the soft layer(s) between surface and bedrock
can create problematic amplification of these vibrations, which can travel relatively
far from the source, particularly at the surface layer, in the form of Rayleigh waves.
The problem studied in the thesis is of interest for the future planning, building
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1. Introduction

and operation of new high-speed railway lines. Also, the model can be used when
analysing the impact of increased train speeds on an existing track.

1.2 Aim and Objectives
The aim of the thesis is to program the HS2 model in Matlab, and to investigate
the applicability and accuracy of the model under Swedish conditions. For clarity,
the aim can be rephrased into four questions to be answered based on the thesis
investigation;

• Based on the official High-Speed 2 documents, can the prediction
model be implemented in a useful way in Matlab?

• Is the High-Speed 2 prediction model suitable for prediction of vi-
bration levels under Swedish conditions?

• How accurate are the predictions when compared to measurements,
especially regarding soft ground materials and low frequent vibra-
tion?

• Can the precision of the estimations be increased?

The model will be analysed and discussed based on comparisons with spectra derived
from measurement data. This is done in order to gain a deeper, holistic understand-
ing of the ground vibration phenomenon and vibration prediction, as well as of the
model and its parameters, assumptions and potential error sources. The thesis in-
vestigation will be implemented by means of a study divided in a number of steps,
documented in this report, together with related Matlab scripts. For an explicit
overview of the thesis objectives, the following list has been derived.

Objectives:
1. Execute a thorough literature study within the field of ground-borne noise and

vibration, with emphasis on railway induced noise and vibration.

2. Study the HS1 and HS2 ground-vibration prediction models and implement the
HS2 model in Matlab.

3. Compute predictions of train vibration spectra using the HS2 model.

4. Acquire train passage measurement data and conduct processing of the data to
generate measurement vibration spectra.

5. Examine the accuracy HS2 predictions by comparing the estimated vibration
spectra with measured spectra.

3



1. Introduction

6. Investigate assumptions, uncertainties and potential error sources within the
model, as well as for measurement procedures and data processing. Possibly
discuss and propose adaptation of the model in order to increase the accuracy
of predictions.

1.3 Demarcations
This section declares the demarcations set for the thesis project. There are several
fields of science and engineering involved in the chosen topic. Therefore, demar-
cations are needed due to the limited time-frame. The following list presents the
demarcations.

1. The study of ground-borne vibration and the HS2 model will solely deal with
the case of surface running trains and mainly low-frequent physically percepti-
ble vibration.

2. The HS2 model calculation steps for applying building response functions and
weighting filters, as well as for conducting averaging over longer time-spans
(due to expected train flows) will only be described in the report, not imple-
mented in the Matlab script. Only prediction of vibration level spectra up until
a receiver position at ground surface is conducted in the thesis.

3. Direct air-borne noise from railway systems is excluded in the analysis, it is
only mentioned briefly within the Theory section.

4. A comprehensive geological study with seismic measurements is considered out
of scope for this thesis, due to the limited time-frame. Only basics within ge-
ology and soil properties will be explained in a nutshell. Basic information on
geological conditions at measurement sites are acquired through the Geological
Survey of Sweden (www. sgu. se ).

1.4 Societal, Ethical and Ecological Aspects
With this thesis project, as with everything produced on a public and/or profes-
sional level, comes responsibilities in ensuring that the project meet the rules and
norms of societal, ethical and ecological values.

With this specific project, the societal aspect one could argue is rather obvious. The
ultimate aim of the work is to enable a higher quality of living for people residing
close to railway systems. It is also to enable investigation of suitable locations of
for example laboratories that operate vibration sensitive equipment. This is impor-
tant in a society with increasing urbanisation. However, erroneous results of the
calculations could in worst case create issues for stakeholders involved in planning,

4
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1. Introduction

building and operation of railway systems, as well as for residents of buildings in
the vicinity of railway lines. Further, animals and livestock can be affected by the
vibration from railways.

Ethical concerns are a bit more diffuse to pin point, however, it is of upmost im-
portance that the published results and conclusions will provide a basis for taking
responsible and reasonable decisions when e.g. planning a new railway track, or when
increasing train speeds on existing tracks. Ethics is a complex topic with many fac-
tors involved, and can be rather subjective. Nevertheless, it is of importance to keep
this in mind when ultimately publishing the work.

As for the ecological aspect of the thesis, the findings of the thesis could be utilized
to plan a growing network of high-speed train tracks, enabling fast and a more envi-
ronmentally friendly travel than compared to e.g. air travel. Whether construction
of an expanded railway net would be positive or negative in a ecological aspect for
the society as a whole, is a topic of discussion. Further, predictions of noise and
vibration enable planning of noise and vibration mitigating measures, which can be
positive for the nearby environment of major transportation systems.

5



2
Theory of Ground-Borne Noise

and Vibration

This section presents fundamental theory behind the phenomenon of ground-borne
noise and vibration induced by railway systems. It deals with basics of acoustic wave
propagation in solid materials and covers some aspects of geology and soil proper-
ties relevant for the investigation. Vibration generating mechanisms of railways are
explained, along with general descriptions of relevant track-train dimensions and
railway track system types. Furthermore, some words on ground vibration mea-
surements, weighting filters and receiver properties such as building and human
response, are presented. This section is meant to function as background informa-
tion for a general understanding of the complex phenomenon of ground-borne noise
and vibration, some of the theory is not directly used within the analysis section of
the thesis.

Ground-borne noise and vibration can arise from various types of sources, from
man-made sources and from naturally occurring vibration phenomena like earth-
quakes. The excited waves will propagate through the ground’s soil and rock lay-
ers, ultimately reaching the receiver in the form of either low-frequent vibration or
ground-borne noise, or as a combination of the two. Ground-borne noise and vi-
bration occupy different frequency ranges, with some overlapping of their respective
range. According to the international standard "Mechanical vibration – Ground-
borne noise and vibration arising from rail systems", ISO 14837 [2], ground-borne
vibration and ground-borne noise are divided into the ranges of 1 to 80 Hz, and 16 to
250 Hz respectively. Generally, propagation through stiffer soil materials give rise to
ground-borne noise. For stiff rock materials, ground-borne noise can propagate with
frequencies higher than 250 Hz. According to ISO 14837 [2], the relevant frequency
range for effects on buildings is between 1 to 500 Hz. For less stiff ground material
types such as clay or sand, problems can arise with respect to low-frequent vibration.

There are several wave types that occur within solid materials, of which the com-
pression wave, shear wave and Rayleigh wave are of importance when dealing with
ground-borne noise and vibration. These are elastic waves that are often referred to
as ground-borne waves or seismic waves (forms of mechanical waves). Other types of
waves that can arise are e.g. Love waves and Stoneley waves [2]. The relevant wave
types of ground-borne vibration are explained further in Section 2.1. The following
sections are based on information provided in [2], [9] and [14], among other resources.
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2.1 Elastic Waves in Solid Materials
An acoustic wave propagates through a solid medium as a oscillating, periodic mo-
tion of the material particles. The particles can exhibit several types of motion
relative to one another, i.e. different wave types are needed to describe different
oscillating motions in a solid material. Due to inter-molecular forces between the
molecules in a solid medium, an oscillating motion will elastically move particles
back and forth, through compression, rarefaction and/or shearing. A gas or liquid
will not display shear tension, hence, no shear waves can propagate through such a
medium. Within soil mechanics and wave propagation, the stress-strain relation dic-
tates how the material can be modelled. Seismic activities like collision of tectonic
plates can produce propagating waves of such magnitude that plasticity and non-
linearity have to be considered. However, analysis of wave propagation in ground
materials is simplified with the assumption of a linearly elastic material, which most
often is the case for small strain values produced by man-made sources, such as roads
or railways. Further, a homogeneous material is generally easier to model, which is
not always the case for natural ground layer materials. However, this depends on
the considered wavelength in relation to the ground material grain size. For a very
low frequency with a long wavelength, some materials can be assumed homogeneous
at this frequency. However, homogeneity might be an unsuitable assumption for a
complete ground layer profile, which can consist of several different materials de-
posited on top of one another.

The following sections present the relevant seismic wave types and propagation phe-
nomena needed to describe ground-borne noise and vibration induced by railway
systems.

2.1.1 Seismic Wave Types
As mentioned previously, there are many types of elastic waves that can be excited
and propagate through a solid material. Energy produced by the vibration source is
transferred to the surroundings through these wave motions. They can be divided
into two main categories, body waves and surface waves. Normally, a combination
of both these wave types arise when a ground material is excited, and the different
waves propagate at different speeds depending on material properties. Loose ground
materials tend to produce lower wave propagation speeds, and stiffer ones produce
higher. Furthermore, surface waves tend to occur in close proximity to a boundary
surface, e.g. in the top ground layer at the intersection between the ground material
and surrounding air.

The category of body waves can be further divided into two separate type of waves,
namely compression and shear waves. These waves propagate further down into the
ground’s different layers, compared to surface waves. When energy is transferred
through a solid medium by the compression wave (also referred to as primary wave,
pressure wave and P-wave), the material particles move in an oscillating motion of
compression and rarefaction. The particles are displaced in the same direction as
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the propagation direction of the wave, forming a longitudinal motion as illustrated
in Figure 2.1 below.

Figure 2.1: Illustration of the dynamic movements of a compression wave [10].
Figure adopted from [11].

The compression wave has a higher propagation speed compared to the shear wave
(shear wave explained further in following paragraphs). Usually, these waves arrive
first when observing ground vibration at some arbitrary distance away from the
source. The speed of the compression wave depend on the medium properties in
which it is propagating. Equation 2.1 can be used to determine Cp, i.e. the speed of
the compression wave in m/s,

Cp =
√
λ+ 2µ
ρ

, (2.1)

where λ and µ are the so-called Lamé constants and ρ is the material density in
kg/m3. The Lamé constants can be determined by utilizing the following two equa-
tions,

λ = νE

(1 + ν)(1− 2ν) , µ = E

2(1 + ν) , (2.2)

where ν is the Poisson’s ratio and E is the Young’s modulus, measured in Pa. µ is
also denoted as the shear modulus G. Therefore, the equation for the Lamé constant
µ can be used to calculate a material’s shear modulus if the Young’s modulus and
Poisson’s ratio are known.

By inserting the Lamé constants into Equation 2.1, the following expression for the
propagation speed of the compression wave can be defined,

Cp =

√√√√ E(1− ν)
ρ(1− 2ν)(1 + ν) . (2.3)
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The shear wave (also referred to as secondary wave and S-wave) is a so-called trans-
verse wave, in which the particle motion of the medium is perpendicular to the
propagation direction of the wave. This movement is illustrated in Figure 2.2. Fur-
thermore, the movement of a shear wave can be divided into two components, one
in the horizontal plane (SH), and one in the vertical plane (SV).

Figure 2.2: Illustration of the dynamic movements of a shear wave [10]. Figure
adopted from [11].

The propagation speed of the shear wave, denoted Cs, is determined by the following
equation,

Cs =
√
µ

ρ
. (2.4)

By utilizing the expression for the Lamé constant µ, the following expression for Cs
can be stated,

Cs =
√

E

ρ2(1 + ν) . (2.5)

The second main category of waves in solids are surface waves, which propagate
(depending on e.g. the ground layer profile and the wavelength considered) in the
top most ground layer, bounded by the surrounding air. These waves can also occur
at the interface between two solid materials with drastically different properties.
The amplitude of the surface waves decrease significantly with depth from the in-
terface between the media. However, these waves are typically the most critical
when analysing a ground-borne noise and vibration problem in a building. This is
because surface waves tend to propagate further than body waves, due to the fact
that the geometrical attenuation for body waves is generally larger (attenuation and
damping is further discussed in Section 2.1.6). This means that for a general case,
surface waves carry energy farther away from the source.
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The Rayleigh wave is a seismic wave type discovered by Lord Rayleigh in 1885. It
is a surface wave where the particle motion oscillates in an elliptical pattern, see
Figure 2.3. The motion incorporates both a transverse and a longitudinal compo-
nent. According to the ISO standard 14837 [2], the Rayleigh wave is usually the
most critical wave type with regards to vibration stemming from surface running
trains, or from trains on elevated structures such as a track system on a railway
embankment.

Figure 2.3: Illustration of the dynamic movements of a Rayleigh wave [10]. Figure
adopted from [11].

The propagation speed of the Rayleigh wave is usually slightly lower, but close to
that of the shear wave. For materials with ν in the range of 0 to 0.5 (see Table 2.3),
the Rayleigh wave speed, denoted CR, can be approximated using the following ex-
pression:

CR ≈
0.87 + 1.12ν

1 + ν
Cs, (2.6)

as described by Bergmann and Hatfeild in 1938 [13].

There are further types of seismic waves occurring within solid materials. However,
the following two wave types are only described briefly as they only propagate under
certain conditions, and are not of significance for the studied case of this thesis.

The Love wave, which also bears its discoverer’s name (Augustus Edward Hough
Love, who predicted the waves existence mathematically in 1911), is a surface wave
that produce a particle motion that can be described as a horizontal shift at the
boundary between the two media, a shearing motion of the top surface layer. In
layman terms, the motion is rather similar to that of a mowing snake, an S-shaped
oscillating movement in the horizontal plane, see Figure 2.4.
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Figure 2.4: Illustration of the dynamic movements of a Love wave [10]. Figure
adopted from [11].

Furthermore, so-called Stoneley waves can occur at boundaries between two differ-
ent media, therefore referred to as boundary waves or interface waves. These waves
propagate along the boundary plane between the two media, and are guided along
the interface. The particle motion is similar to that of the shear wave, with propa-
gation direction along the boundary plane and particle motion perpendicular to this
plane.

2.1.2 Ground Layer Resonance
When studying a case of for example two loose ground materials on top of stiff
bedrock, it can with some simplifications be modelled as a two degree of freedom
mass spring system. This means that there will be inherent resonances and anti-
resonances depending on the excitation of the ground layers, as well as the properties
of the materials, and the geometry. This is illustrated in Figure 2.5.

Figure 2.5: Illustrative figure of a two degree of freedom mass spring system.

If a frequency component of the vibration spectrum generated by a railway line co-
incide with an eigenfrequency of the particular ground layer formation, or a floor
span inside a building, large vibration amplitudes can arise. If this is the case, a res-
onance occur, where a relatively weak excitation force can produce a high response.
The eigenfrequencies for a single homogeneous soil on top of stiff bedrock can be
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determined using the following expression,

fn = (2n+ 1)Cs
4h , (2.7)

where fn is the nth eigenfrequency in Hz, Cs is the shear wave speed in m/s and h
is the depth of the soil layer in metres [14]. This equation holds for amplification
that occur due to SH-waves propagating vertically. Usually, the eigenfreqeuncy of
lowest order (n=0) is the most critical. With increasing order of eigenfrequency,
the amplification of the wave generally decreases. The wavelength of the particular
frequency can be derived using the following equation,

λ = C

f
, (2.8)

where λ is the wavelength in metres, C is the propagation speed of the wave in m/s
and f is the frequency in Hz.

Due to the fact that the ground layer profile can be very different depending on
location, the presented mass spring analogy might not be sufficient to describe the
dynamic movements of a more complex system. The analogy does not hold if there
are many inconsistencies, multiple heterogeneous layers and drastic changes in to-
pography, etcetera. Another example that complicates analysis is if the distance to
bedrock decreases gradually. Then, resonances and anti-resonances can be shifted
upward in frequency, potentially resulting in a higher response at these shallower
depths of the overlying layers. This also means that if an energy is able to be
transferred over long distances, vibration disturbances can arise at a distance rela-
tively far away from the source. This can be the case of Rayleigh waves excited by a
line source (further information on surface wave propagation effects in Section 2.1.6).

2.1.3 Reflection, Refraction and Wave Coupling
When acoustic waves propagate between two media, the phenomena of wave re-
flection and refraction arise. Interaction between reflected and refracted waves and
so-called wave coupling at boundaries can generate wave types not present before, as
well as leading to a complicated interference pattern within the ground layer profile.
Moreover, the interference can act both constructively and destructively, increasing
or decreasing the amplitude of the propagating waves.

The mechanism of acoustic reflection arise from a change in impedance between
two media. The reflection of the wave occur at the boundary between two different
media, and the angle is determined by the incident angle of the wave. However, in a
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real case there might not be a definitive boundary between two soil types of differ-
ent density, but rather a gradual shift in density. Also, the ground layer formation
could exhibit a convoluted geometry, resulting in difficulties of explicitly modelling
such a reflection phenomenon. The second mechanism, called refraction, is a change
in propagation direction when the wave enters a medium with different properties.
Similar to the refraction of light when propagating from air to water, the acoustic
wave propagate in a slightly different direction rather then being reflected. An il-
lustration of reflection and refraction is presented in Figure 2.6.

Figure 2.6: Illustrative figure of seismic reflection and refraction.

At the interface between two ground layers, coupling between different wave types
can occur when a wave is propagating through the boundary. For example, P- and
S-waves are coupled at the interface. An incoming P-wave could be transmitted into
a refracted SV-wave and P-wave, as well as reflected as an SV-wave and a P-wave.
Therefore, as mentioned previously, wave types not present before can arise from
the mechanism of wave coupling at boundaries. An illustrative example of wave
coupling at an interface between two media is presented in Figure 2.7.

Figure 2.7: An example of wave coupling at an interface between two media.
Figure adopted from [14].
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The phenomena presented Figure 2.7 occur at all layer interfaces, and for both P-
and S-waves. If there are multiple ground layers at the site under consideration,
which often is the case in real life, the result is a complicated wave pattern consist-
ing of several different wave types with varying amplitude and phase.

2.1.4 Diffraction and Scattering
There are several mechanisms that add to the complicated nature of wave propa-
gation in solids. Diffraction and scattering are two more relevant mechanisms that
affect the wave field produced in soil and rock materials that are excited by dy-
namic forces. In a natural environment the ground materials are often compounds
of multiple, typically heterogeneous layers, and inconsistencies like rocks and other
formations within the layers are not uncommon. These are typically zones where
these mechanisms can arise.

Diffraction can arise at the presence of for example an object, or at a drastic change
in the topography. In a nutshell, diffraction is the bending of acoustic waves around
an anomaly. Diffraction therefore causes a spatial redistribution of the acoustic en-
ergy. Further, the wavelength of the propagating waves in relation to the size of the
object will also have an impact on the redistribution of the wave field.

Scattering also refers to a form of spatial redistribution of acoustic energy in the
propagation medium. Scattering can arise when a seismic wave front is confronted
with an obstacle or drastic changes in the soil properties. It can be described as
splitting of the wave front into fragments of the original wave front, with varying
phase and propagating in several directions away from the object/anomaly. Wave
coupling can also occur when a seismic wave is scattered, i.e. that a scattered wave
can consist of different seismic wave types.

2.1.5 Dispersion
Dispersion refers to frequency dependant wave speed, i.e. different frequencies (or
wavelengths) of a wave front of the same wave type propagate at different speeds. As
declared in Section 2.1.1, the wave speed depend on the material properties, and for
a homogeneous soil, seismic waves travel at the same speed. However, it is common
for ground layer profiles to exhibit increasing stiffness with depth, which can lead
to dispersion of Rayleigh waves. Dispersion of surface waves will result in longer
wavelengths propagating at a higher speeds than shorter wavelengths. To describe
the propagation of the "wave package" produced due to dispersion, two categories
of propagation speeds are used describe the phenomenon, namely group speed and
phase speed. The group speed, here denoted as CGr, is the propagation speed of
the overall envelope of the wave package, and the phase speed, denoted CPh, is the
propagation speed of a particular phase. Both quantities can be determined from
the difference in distance and phase between two measurement positions using the
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following equations,

CGr(f) = ∆r2πf
∆φ , CPh(f) = ∆r2π∂f

∂∆φ , (2.9)

where f is the frequency, ∆r is the difference in distance and ∆φ is the phase
difference between the measurement positions [14].

2.1.6 Geometrical Attenuation and Material Damping
When acoustic waves propagates through a medium, energy is dissipated and the
intensity of the wave motion decay with distance. The amount of dissipated energy
is dictated by both the material’s inherent properties (the damping coefficient, here
referred to as α), as well as the geometry of the propagation medium. One can
therefore differentiate attenuating effects into material damping and attenuation by
means of geometrical spreading of the acoustic waves. The following paragraphs de-
scribe both mechanisms and are based on information provided in the document [14].

Geometrical attenuation is due to spreading of the propagating waves over an in-
creasingly larger volume away from the vibration source. The attenuation depend
on the type of source as well as the geometry itself. The following expression for
geometrical attenuation in a half space of perfectly elastic material for surface and
body waves was derived by Horace Lamb in 1904 [15],

v̂ = v̂1

(
r1

r

)m
, (2.10)

where v̂ is the top vibration amplitude at distance r metres from the source, v̂1 is the
top vibration amplitude at distance r1 from the source and m is a constant depend-
ing on the wave type, source type and propagation path of the wave, see Table 2.1.
The fifth column in Table 2.1 presents the factor of which the propagating wave is
decaying by. These factors are derived using the respective m values and Equation
2.10.
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Table 2.1: Values of the constant m used in Lamb’s equation for geometrical
attenuation. Table adapted from [14].

Wave propagation Source type Wave type m Factor of decay
Along surface Point source Body wave 2 1/r2
Along surface Point source Surface wave 0.5 1/

√
r

Inside of half space Point source Body wave 1 1/r
Along surface Line source Body wave 1 1/r
Along surface Line source Surface wave 0 No decay

Inside of half space Line source Body wave 0.5 1/
√
r

Material damping can be described as a mechanism which transforms kinetic energy
into heat by means of friction between the particles of the material. It is determined
by the material parameter α, which may be frequency dependent. Further, damping
in soil materials can exhibit viscous behaviour, depending on e.g. water saturation.
Viscous damping refers to damping that is proportional to the velocity of the sys-
tem. According to [14], the material damping decrease partially with increasing
frequency and partially with increasing propagation speed of the waves (meaning
that the damping is greater for loose soils compared to stiffer ones). Dissipated
energy due to material damping can be interpreted as energy loss per wave cycle.
This means that the intensity of lower frequencies with longer wavelengths do not
decay as fast has for higher frequencies.

To determine the total attenuation of the propagating waves including both geo-
metrical decay and material damping, the following version of Lamb’s equation can
be utilized,

v̂ = v̂1

(
r1

r

)m
e[−α(r−r1)]. (2.11)

Typical values for the damping coefficient of different ground materials at 50 Hz is
presented in Table 2.2.

Table 2.2: Typical values of the damping coefficient α at 50 Hz for different material
types. Table adapted from [14].

Type of material Damping coefficient α
Soft soils* 0.1 - 0.3
Firm soils** 0.03 - 0.1
Stiff soils*** 0.003 - 0.03
Bedrock < 0.003

*soft soils: organic soils like peat, silt and ooze, loose to mid stiff clay and very loose
sand (a shovel is easily pressed through).
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**firm soils: solid clay and loose to mid stiff non-cohesive/friction soils (may be
excavated with a shovel).
***stiff soils: very stiff clay and non-cohesive/friction soils, as well as relatively stiff
weathered rock materials (too stiff for excavation using a shovel).

Note: ground materials are further discussed in Section 2.2.

2.2 Fundamentals of GroundMaterials and Geotech-
nics

In order to achieve a holistic understanding a ground vibration problem, geotech-
nical aspects have to be considered. There are many factors that determine how
ground materials behave when a dynamic load is applied. For example, the satura-
tion of water inside of the ground material influences the propagation speed of the
ground-borne waves, increasing material stiffness with depth may cause dispersion
and other phenomena. The following paragraphs present some of the basics within
soil and rock mechanics relevant to this study, in a nutshell. Further, a compilation
of properties for several generic ground material types is also presented.

Ground materials can exhibit a wide variety of types, with varying properties. The
ground material categories of rocks and soils behave rather differently to excita-
tion, e.g. the stiffness and internal material damping differ. As mentioned in the
Introduction, harder rock materials typically produce a higher frequency ground-
borne noise when excited. Loose soils like clay transmits low frequency vibration
more efficiently, whilst high frequencies are attenuated, when compared to a harder
rock material. In a typical case, the ground layer profile incorporates a few me-
tres of soil, drift and weathered rock (weathering can be described as breakdown
of ground material due to physical and/or chemical processes), on top off bedrock
[16]. Within geotechnics, the ground layer profile is sometimes referred to as the
geological macro-structure, which is developed through natural geological processes,
like for example deposition of sediments during melting of glacial ice. Typically, the
material density increases with depth in a geological macro-structure due to natural
consolidation over time. The inherent geometry inside of a material with regards to
particles/grains and pores is called the micro-structure of a ground material. Soils
are compounds of weathered minerals, organic matter, water, air and more. They
may be further divided into topsoil rich in organic matter, and subsoil with more
clay-like constituents. Drift refers to relatively young deposited sediments, consist-
ing to large extent of clay, sand and coarse broken rock materials [16].

Soil is the common name for the softer materials of the earth’s crust. A soil material
typically consist of solid grains with intermediate pores containing water and/or air.
It can therefore be considered as a three-phase material [17], see Figure 2.8.
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Figure 2.8: A figure illustrating a typical micro-structure of a soil material. Figure
adapted from [17].

Soils can be divided into two main categories, namely organic soils and mineral soils.
Organic soil is defined as materials with more than 20 % organic material (stemming
from e.g. degraded plants and animals), and can be relatively porous [18]. Exam-
ples of organic soils are peat and muck. Common mineral soils are sand, gravel
and moraine. To further characterise these ground materials, soils can be divided
into cohesive and non-cohesive soils. In a non-cohesive soil the friction between the
particles is the mechanism that binds the soil particles together. Examples of these
material types are sand and gravel. The mechanisms that binds together the par-
ticles of a cohesive soil are both friction and inter-molecular forces, attracting the
particles to one another. Examples of cohesive soils are silt and clay. Obviously,
ground layers can consist of a mixture of several materials types, and their mechan-
ical behaviour under load can vary significantly. Generally, ground materials are
stiffer under compression load, when compared to shearing. Further, a dry soil can
be relativity stiff whilst a water saturated soil can be rather soft and be prone to
deformation. Moreover, the amount of water inside of a ground material can affect
the damping of ground-borne waves. ISO 14837 [2] states that water saturation in
a porous soil can produce viscous damping at high frequencies.

In Table 2.3, material properties of a selection of generic ground materials are pre-
sented. The information in the table is based on Head and Jardine’s report from
1992 [19].
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Table 2.3: Typical values of ground material properties. Table adapted from [14].

Material: Cp & Cs: ν: ρ: Gmax:
Loose sand 1450-1550 & 100-250 0.48-0.50 1.5-1.8 15-110

Medium-firm sand 1500-1750 & 200-350 0.47-0.49 1.7-2.1 70-250
Stiff sand 1700-2000 & 350-700 0.45-0.48 1.9-2.2 230-1000
Loose clay 1450-1550 & 80-180 0.47-0.50 1.6-2.0 10-65

Medium-firm clay 1500-1700 & 180-300 0.47-0.50 1.7-2.1 55-190
Stiff clay 1600-1900 & 300-500 0.47-0.50 1.8-2.3 160-450
Sandstone 1400-4000 & 800-2000 0.25-0.35 2.0-2.4 1300-9500
Limestone 2100-6000 & 1200-3000 0.25-0.35 1.8-2.5 2600-20000
Gneiss 3500-7000 & 2000-3500 0.25-0.35 2.2-2.6 8500-32000

In Table 2.3, Cp and Cs are the propagation speeds in m/s of the compression and
shear wave respectively, ν is the Poisson’s ratio, ρ is the material density in Mg/m3

and Gmax is the shear modulus in MN/m2. Note: the expression for the Lamé con-
stant µ, presented in Equation 2.2, can be used to derive the Young’s modulus of
the materials presented in Table 2.3.

Geological maps can be used in order to gain understanding of the geological con-
ditions at the site under consideration. These maps can include information on
e.g. generic ground layer material types and layer depths. In Sweden, the Geological
Survey of Sweden [20] has developed an online map application that provides infor-
mation on ground material type, layer depth (estimated depth to bedrock), ground
water properties at the site and more [21]. However, geological maps should be used
with caution as they are based on discrete sampling positions. Since soil and rock
are natural materials stemming from complex geological processes, there will always
be some uncertainty when attempting to map geological conditions, or when trying
to explicitly quantify the mechanical behaviour of such a material. If there is a need
for an in-depth examination, a geological investigation of the prevailing conditions
at site may be conducted, which can be both expensive and time consuming. Geo-
logical/seismic measurements will not be discussed in this thesis. For the interested
reader, information on this topic can be found in the following document, provided
by the Swedish Geological Institute: [22].

2.3 Railway Induced Ground Vibration
The phenomenon of ground-borne noise and vibration generated by railway systems
is rather convoluted, encompassing a dynamic system with multiple parameters and
many factors at play. The dimensions and masses of the train vehicles, the train-set
configuration, track-bed construction, train speed and ground material properties at
the site under consideration, all affect the resulting vibration. The following sections
discuss relevant dimensions of the train and track, vibration inducing mechanisms,
ground vibration build up due to the so-called ground vibration boom phenomenon,
as well as some general information on railway track types and the supporting sub-
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structures. This section is based on information provided in the resources [2], [9],
[28], [29] and [30].

2.3.1 Some Words on Train-Track Design Relating to Noise
and Vibration

Some excitation mechanisms of railway systems are directly related to the track and
train designs. For example, the total weight of the vehicle, it’s so-called unsprung
mass, and the axle spacing’s influence the excitation of the track and track-bed. The
relevant train-track dimensions that are related to vibration generating mechanisms
are well documented in ISO 14837 [2].

A train configuration usually consist of multiple coupled vehicles with either a diesel
or electric locomotive powering the complete set. Sets can vary from a few coupled
vehicles to a relatively large number of vehicles, with total lengths of several hundred
meters. As an example, the Three Capitals Eurostar 373 high-speed train set has a
total length of up 387 metres, and incorporates two powered cars and 18 passenger
vehicles of different types, weighing approximately 750 tonnes, see Figure 2.9 below.

Figure 2.9: An 18 passenger car Eurostar train on the LGV Nord high-speed
railway line at Moussy-le-Neuf, France. Figure acquired from [23].

A train design with two bogie’s per vehicle is rather common. Each bogie usually
incorporates two axles with one set of wheels each. The mass of the axles, wheels
and all equipment mounted on these, which are undamped and directly in contact
with the rail head through the wheel treads, are together referred to as the railway
vehicle’s unsprung mass. This mass is relevant to one of the vibration generating
mechanisms, explained further in Section 2.3.2. The total mass of the vehicle as
well as the weight of the bogie installation above the wheel suspension also affect
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the vibration generation. In Figure 2.10, the relevant train dimensions (and one
dimension of the track system) for the so-called parametric excitation mechanism
are presented, as stated in ISO 14837 [2].

Figure 2.10: Relevant train dimensions for the parametric excitation. Source: [2].

Dimension a of Figure 2.10 is the only one relating to the rail system. The other
dimensions relate to the train-set. These dimensions are described in Table 2.4.

Table 2.4: Description of the dimensions of Figure 2.10. Source: [2].

Dimension Description
a sleeper spacing of track system
b distance between intra-bogie axles
c distance between inter-bogie axles
d distance between intra-vehicle axles
e distance between inter-vehicle axles

As previously stated, the configuration of the train set influence the generated vi-
bration spectrum. If a train set consist of multiple vehicles of which the majority is
of passenger type that possesses different axles spacings than the locomotive, these
spacings will generate the prominent frequency components when studying the para-
metric excitation spectrum of the complete train passage.

For an overview of an exemplary Swedish train set, a side view of the Regina electric
train is presented in Figure 2.11. This train has a type of combined locomotive/pas-
senger car and a intermediate passenger car, for the three car train set configuration.
Technical information on the train set is provided by the manufacturer Bombardier
[24].
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Figure 2.11: Side view of the Regina train under operation in Sweden. Figure
acquired from [24].

The bogie wheelbase of the Regina train is 2.7 metres and the centre distance be-
tween two bogies on either car type is given to be 19 metres. For new standard
ballast track built in Sweden, the criteria for sleeper spacing is 600 millimetres [25]
(the standard rail gauge of Swedish railways is 1435 millimetres). This would mean
that, according to the dimensions presented in ISO 14837, dimension a would equal
0.60 metres, dimension b 2.7 metres and dimension d would equal 16.3 metres. Di-
mensions c and e could possibly be approximated by measuring in a side view picture
of the train set, with the known bogie wheelbase dimension (millimetres per pixel).
The two car and three car versions have total empty weights of 120 and 165 tonnes
respectively. The unsprung mass is not specified in the manufacturer’s document.

Figure 2.12: A bogie installation on a Chinese CR200J train. Figure acquired
from [26].

Figure 2.12 presents a picture of a typical train bogie installation. The car is con-
nected to the bogie via two suspension sets. The suspension at the axle is referred
to as the primary suspension, and the one directly connected to the carriage at the
middle of the bogie is the secondary suspension. The rails are supported by sleepers
on ballast, which are loaded by a part of the mass of the car-body, bogie frame, the
unsprung mass and all other equipment included in the bogie installation. These
properties of the train (masses and lengths), are relevant to some of the vibration
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generation mechanisms of the train. How the railway vehicle interacts with the track
through the bogie installation has been schematically represented in Figure 2b of
ISO 14837 [2], part 1 (see also Figure 2.13). This is a description of the actual noise
and vibration source that is constituted by the car body, bogie installation and track
system, plus the supporting ground. Vibration inducing mechanisms of trains are
further discussed in Section 2.3.2.

2.3.2 Vibration Inducing Mechanisms of Railway Vehicles
There are several vibration generating mechanisms related to railway systems, which
are all dependant on the train speed. Generally, a higher train speed produces in-
creased vibration. However, there are examples where slow and heavy freight trains
produce high vibration levels. The separate mechanisms all contribute to the gen-
erated vibration spectrum, although their respective magnitude can vary. In the
following paragraphs, the main ones are described and additional mechanisms are
also mentioned. It should be noted that some of the mechanisms are not yet fully un-
derstood, as stated in ISO 14837 [2], and further research within this topic is needed.

The so-called quasi-static excitation can be interpreted as the excitation caused by
the train’s moving load under the wheels. The mass of the railway vehicle applied
to the rails causes a displacement in the rails and the supporting infrastructure.
When the train is running, this displacement is shifted along the rail, causing an
excitation of bending waves in the rails, which are transmitted to the substructure of
the track and further to the surrounding ground layers. When imagining the effect
of the moving load(s) at a single point in the supporting structure, a time-varying
deformation at this point is generated, i.e. dynamic movements of the supporting
structure occur. Obviously, the frequency of this excitation is dependant on how
fast the train is moving, as seen from the fixed point. This excitation mechanism is
usually related to very low frequent vibration. In layman’s terms, and rather exag-
gerated, quasi-static excitation can be thought of as the train wheel’s tread causing
a deflection in the rail and supporting structure, making it constantly "run uphill"
whilst the train is moving, see Figure 2.13.

Figure 2.13 presents a simplified illustration describing some aspects of the train vi-
bration source. It highlights the quasi-static mechanism, but also indicates the work-
ings of further mechanisms. The roughnesses of the wheel and rail are also illustrated
in the figure, which depend on manufacturing processes (and design tolerances), as
well as wear and maintenance of the rolling stock and track. Corrugation of both
wheels and rails can also contribute to the overall roughness profiles. The roughness
profiles of the wheel tread and rail head interacts when a train is rolling, and causes
variations in contact force, which produce excitation of the track-structure. This
mechanism is referred to as roughness excitation. The contribution from rough-
ness depend on many variables, but can be approximated using a so-called effective
roughness spectrum as a reference baseline in prediction of ground vibration from
railway vehicles. Such a spectrum is typically based on measurements of real rolling
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stock and rails, and incorporates an effective roughness amplitude that is produced
by roughness excitation at a certain wavelength.

Figure 2.13: A rudimentary, schematic model of the noise and vibration source
(excluding noise arising from other on-board equipment and airflow).

Parametric excitation occurs when a train is running at some speed, v m/s, on top
of the rails which are supported by sleepers, separated by a distance depending on
track type and national criteria. The intermediate gaps between the sleepers cause
varying stiffness along the rail. The deformation of the rails due to the trains load
on the wheels in combination with the movement cause a sleeper passing frequency
that contributes to the resulting vibration. Furthermore, train axle/bogie dimen-
sions can produce further vibration components of this mechanism. The dimensions
discussed in Figure 2.10 and Table 2.4, are relevant to the parametric excitation.
The respective dimension can be used to calculate the frequencies generated at the
train speed v m/s using the following equation,

f = v

ln
(2.12)

where ln refers to the dimension considered (sleeper or axle/bogie spacing), in me-
tres, which can be interpreted as the wavelength produced by the particular dimen-
sion. In this way, the parametric excitation components are related to the train
speed.

Variation in contact force that produce excitation of vibration can arise due to other
factors. Among these are singularities in the track (e.g. switches or other discontinu-
ities), hanging sleepers where the ballast fails to provide full support, or differences
in the stiffness of the supporting structure and subground. Moreover, acceleration,
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braking and variations in alignment between the two rails can cause dynamic forces
that generate vibration. These are some further examples of the many factors that
can induce vibration. Train induced ground vibration constitutes a rather complex
dynamic system, and the modelling of such a system is limited by the parameters
taken into account, as well as the available input data. This is something to keep in
mind when setting up a prediction model, but also when interpreting measurement
data.

2.3.3 Critical Velocities and Ground Vibration Boom
A phenomenon similar to a sonic boom can arise within ground-borne vibration,
a so-called ground vibration boom, which is a sort of shock wave build up of the
wave front. This occurs when a train is travelling close to, or at equal velocity as
the propagation speed of Rayleigh waves in the immediate underlying subground,
or the minimum phase velocity of bending waves in the rails [28]. The former being
referred to as the critical wave speed and the latter critical track speed. Usually,
the critical track speed is around 10 to 30 % higher than the Rayleigh wave speed
at the site under consideration [28]. In very loose ground materials, the propaga-
tion speed of the Rayleigh wave is relatively low, and a high-speed train could be
running at the critical wave speed (for information on wave speeds, see Section 2.1.1
and 2.2). If this is the case, a large increase in vibration amplitudes will arise. When
a ground vibration boom occurs, the wave front propagates in a semi-cone shape
from the front of the train, with the cone pointing in the direction of travel. Other
phenomenon such as wave guiding can arise due to the geometry of the track and
substructure, e.g. if the track has an embankment. This may cause lesser vibration
outside of the embankment, but even higher ones inside of the bank where the wave
front is guided [28]. The phenomenon of ground vibration boom was observed at a
track site near Ledsgård in western Sweden, where a large deposit of very loose clay
(muck) is situated below the track. With Rayleigh wave speeds down to 45 m/s, a
relatively low train speed was sufficient to achieve the critical wave speed, circa 162
km/h. A tenfold increase in generated ground vibration was measured.

If the train approaches a velocity close to the critical track speed, an increase in the
deformations of the rails occur, which could have a negative effect on train stability
[28]. Based on Winkler beam theory of an infinite beam on top of an elastic foun-
dation, the following expression can be used in order to calculate the critical track
speed,

Cmin =
(

4αEI
m2

0

)1/4

, (2.13)

where E is the Young’s modulus of the rail material, I is the moment of inertia of
the rail and m0 is the mass per unit length of the rail [28]. α is in this expression
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referring to a proportionality coefficient of the equivalent Winkler elastic foundation,
modelling the elastic ground. Further, as stated in [28], to approximate Cmin for a
particular site, α can be expressed as the elastic modulus of the ground material in
question.

This phenomenon is an issue relevant to high-speed trains on soft ground materials,
in particular. It may result in the need to lower train speeds for certain areas with
soft soils underneath the track-structure. As train speeds are generally increasing
world-wide, this phenomenon should be considered when planning a new railway or
increasing speeds on an existing track. Yet again, it is of importance to determine
the particular characteristics of the track and subground at the site of interest. For
more information on ground vibration boom, see Chapter 9 in [28].

2.3.4 Information on Railway Track Design
The design of both the railway track and the supporting substructure influence how
the generated vibration at the wheel/rail interface will be transmitted into the un-
derlying subground (also referred to as subgrade). The main function of a railway
track is to provide adequate support for static and dynamic loads in lateral, longitu-
dinal and vertical directions. The underlying supporting structure should distribute
the load induced by moving trains so that minimum pressure is applied to the sub-
ground. A favorable design of a railway system will attenuate some of the generated
vibration, and the track system will usually exhibit a low-pass filter like response to
excitation [2]. One can speak of an insertion loss for a certain railway system de-
sign, which can be utilized when predicting vibration from a railway. Insertion loss
is defined as the ratio between the transmitted power with a certain track system in
the transmission path, and transmitted power without the track system/isolation.
There is a multitude of track designs which all vary in their resilience to excita-
tion. The following paragraphs aims to present some common features of generic
railway systems, briefly. For further reading on this topic, the following documents
are recommended; [30], [9] and [29]. This section is to a large extent based on the
information provided in these resources.

The so-called ballasted railway track is a track type commonly used worldwide. This
track typically incorporates a set of two rails that are mounted in top of supporting
concrete sleepers using rail fasteners, with a rail pad in between. The sleepers are
resting on, and are embedded into ballast material, which in turn is supported by
subballast resting on top of the subground, see Figure 2.14 and 2.15. The following
paragraphs describe the separate components of this type of track design.
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Figure 2.14: A picture of a typical ballasted railway track system with concrete
mono-block sleepers (Main Southern railway line in New South Wales, Australia).
Figure acquired from [27]. Note: Picture adapted with marked components.

Figure 2.15: A schematic figure illustrating a typical supporting structure of a
railway system.

The rails of a railway system are made of hardened steel, and can be manufactured
to relatively high geometric tolerances. They should provide a smooth and precise
track geometry that gives low variation in contact force between rail head and wheel
tread. The rail is secured to the sleeper by means of a rail fastener. Between the
rail and sleeper there is usually an elastomeric material, which acts as a damper
for part of the structure-borne sound generated in the rails. Common materials for
sleepers are either wood or concrete. A sleeper is usually semi-embedded into the
ballast, and provides support and mounting points for the rails. They are evenly
spaced along the track and are intended to distribute the load from the rails, and
to increase the mechanical impedance of the track system as a whole. There are
several types of sleepers in use world-wide, e.g. mono-block sleepers (seen in Figure
2.14) or twin-block sleepers, where each rail has its own set of sleepers.
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The ballast material functions as a load distributor and shock absorber, but also as
water drainage for the track system. Usually, ballast is made of a granular material,
like coarse gravel. The ballast sits on top of the so-called subballast, which shares
the same functions as the ballast, but is typically made of a material type with finer
grain size. This can be a mixture of crushed graded rock and sand/gravel [30].

Finally, the track system is supported by the subground/subgrade. This is the point
at which the track system is connected to the natural ground material present at the
site. However, the subground can also constitute man-made consolidated materials
to increase the subground stiffness. A track embankment can be constructed between
the subballast and subground, if the material underneath the track structure is
considered to be too soft. This construction basically raises the track and helps
to decrease the pressure applied to the subground by means of load distribution
over a larger area (note: according to ISO 14387 [2], energy transmitted into the
subground from a graded or raised track system is to a large extent in the form
of surface waves). An embankment can also help to better drain away rainwater
from the track. For the case of a soft supporting ground material around the track,
further types of stiffening measures can also be used, like pile driving in and around
the supporting subground of the track. In some cases, a ballast-less track can be
utilized in order to increase the precision of the track geometry and to achieve a
more resilient track form with regards to vibration. A continuous concrete slab is
then used in place of the ballast, which can be installed with higher track geometry
tolerances. It increases the stiffness and distributes the load more evenly compared
to a classic ballast track. This generally allows for higher train speeds and lower
vibration around the track. More information on track systems can be read in [29]
and [30].

2.3.5 A Few Words on Measurements of Railway Ground
Vibration

Measurements of ground vibration generated by railway systems are of great impor-
tance since the complex engineering task of predicting vibration values, presumably
need both calculations/simulations and measurements in order to draw valid con-
clusions, due to many factors of uncertainty. The measurement itself can produce
erroneous data. For example, resonances within the measurement equipment can
affect the frequency spectrum of the measured signals. Even so, there are standard
procedures that should be implemented when measuring ground vibration.

Care should be taken so that the Signal-to-Noise-Ratio (SNR) between the ambient
background vibration levels and the expected vibration levels from the source is
sufficient. The transducers should be applicable for the targeted frequency range,
which would be around 1 to 80 Hz for ground-borne vibration and 16 to 250 Hz for
ground-borne noise (on soft ground materials, i.e. not rock materials). Measurement
equipment should be calibrated according to international standards, see ISO 8041
[32]. An appropriate cut-off frequency of the anti-aliasing filter should be set when
using a digital data acquisition system. Moreover, the installation of the transduc-
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ers should allow for a faithful representation of the actual vibration source. Secure
placement of the transducer is needed, preferably with no inherent resonances of the
mounting system occurring within the same frequency range as the measurement
target range. The standard ISO 5348 provides guidance on mounting of accelerom-
eters [31].

Due to possible variations in the ground layers at the measurement site, it is rec-
ommended to conduct multiple measurements at separate points. When measuring
vibration from a railway track system, ISO 14387 [2] recommends measurements
at multiple points separated along a perpendicular line from the track. This line
measurement should be repeated at least twice, with the perpendicular lines being
25 metre apart. For further information on measurements of ground vibration from
railway systems is provided in the separate parts of ISO 14387 [2].

2.4 Human Response to Low Frequency Vibra-
tion, Weighting Filters and Building Response

Humans can experience noise and vibration both through physical movements of the
body and via pressure variations arriving at the ear drum. The standard ISO 2631
[33] provides guidance on how to evaluate human exposure of whole-body vibra-
tion, and presents information on measurements and post-measurement processing
of the acquired data. Whole-body vibration depends on several factors and can be
difficult to quantify. To a certain extent, perception of noise and vibration is even
subjective, but the aim of the standard is to enable rational methods of evaluating
whole-body vibration perception. In Figure 2.16, the human perception threshold
over frequency is presented. The graph is based on ISO 2631 [33]. It can be seen
that humans tend to have a higher sensitivity to vibration in the range of 8 to 80
Hz, than compared to lower frequencies (1 to 8 Hz).

Figure 2.16: Human threshold for perception of vibration, along with levels of
disturbance. Figure acquired from [34].
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Frequency weighting is done in order to relate vibration levels to the experience of a
human receiver. This is equivalent to weighting of sound pressure levels to evaluate
how sound is perceived by humans, like for example applying the A-weighting filter.
The weighing filters are based on empirical studies of human vibration exposure.
ISO 2631 [33] presents several weighting filters that can be applied to vibration level
spectra depending on the studied case. Weighting using the standard can be done
in order to evaluate the effects of vibration on humans related to health, perception,
motion sickness and comfort. The frequency ranges considered in this standard are
1 to 80 Hz for health, comfort and perception related issues, and 0.1 to 0.5 Hz for
motion sickness evaluation. However, the weighting filters are applicable up to the
400 Hz one third octave band.

Further, there are three main positions or axes of the human body which is used for
quantifying human vibration perception; seated, standing and recumbent position.
The weighting categories for perception, health etcetera, plus the defined axes of
the human body are used to determine the particular frequency weighting curve
to be applied to the vibration spectrum. According to the standard, the vibration
spectrum should be presented as the Root-Mean-Square (RMS) value of the acceler-
ation in all three orthogonal directions, which could also be represented as velocities.
It should be noted that the metrics used within these types of measurements and
post-processing differs between some national standards. It is therefore of high im-
portance to declare precisely what type of value that is computed and presented.
It is crucial to state if it is a peak or RMS level, or if the spectrum presents a mo-
mentary value or an average over time, as well as the quantity type; acceleration,
velocity or displacement.

A building can in worst case amplify vibration transmitted into the structure. This
can happen at e.g. long floor spans. To draw conclusions on the effect of vibration
inside of a building due to a predicted vibration spectrum at the building foundation,
a frequency response function of the building itself is needed. This function will
include all of the transmission effects in the structure (when studying structure-
borne sound, radiation effects inside the building would have to be accounted for).
According to ISO 14837 [2], the frequency range of interest which incorporates both
whole-body vibration and audible noise within buildings is approximately 1 to 250
Hz. Further, the standard states that frequencies below 100 Hz are usually the most
dominant when studying the building response. Also, it is very rare for building
damage to occur as a result of vibration from man-made sources. However, ISO
14837 [2] declares that most damage will most likely occur within the frequency
range of 1 to 150 Hz.
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3
The High-Speed 2 Prediction

Model

This section presents the empirical High-Speed 2 noise and vibration prediction
model. The chapter is initiated with a short section on ground vibration prediction
models in general, with some examples of other models in use today. Further, the
chapter includes an in-depth description of the model as documented in the reports
and papers [5], [6] and [7]. The HS2 model, as described in Section 3.2 (and in the
model documents), was implemented into a Matlab script during the thesis.

3.1 Prediction Models for Railway Induced Ground-
Borne Noise and Vibration

Due to the complex nature of ground-borne noise and vibration in an engineering
context, companies often perform initial predictions using empirical and/or numer-
ical models. To enable computation of the complete system, the model must incor-
porate parameters describing the source, propagation and receiver. There are a lot
of possible implementations and the quality of the predictions depend on the back-
bone theory incorporated, as well as the input data used. The type of model used
can also depend on the stage of the assessment, i.e. if only a rudimentary indicative
model is sufficient, or if more detailed models should be utilized. ISO 14837 [2]
provides information on parameters that should be taken into account when using
a ground vibration prediction model, and also highlights important aspects when
developing and/or validating the models. According to the standard, it is useful
to divide prediction models into three categories, with complexity that reflect the
stage at which the vibration assessment/project currently is at. These categories are;

1. Scoping model: A model that is used in the beginning of a ground vibration
assessment. It uses a set of relatively few generic input parameters to enable
decisions on potential sites where noise and vibration could become an issue.
The model should approximate the overall worst case levels of the noise and
vibration. Naturally, in the beginning of a project incorporation vibration as-
sessment, limited data and information useful to ground vibration prediction
is available. Scoping models use only a few basic parameters, such as rail sys-
tem type, distance between source & receiver, generic ground conditions (soft,
medium or hard) and type of receiving building.
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2. Environmental Assessment Model: Used to compute more accurate pre-
dictions when more detailed information on the source, transmission path and
receiver is known. Possible mitigation measures can also be included in the
model. If a new railway system is under development, this model should pro-
vide a basis for preliminary design.

3. Detailed Design Model: This model should provide a more accurate pre-
diction as the quality of the input parameters are excepted to be higher at this
stage. The computations should provide information to base detailed design
and potential mitigation plans on.

Annex A of ISO 14837 [2] presents a list of parameters that can be considered de-
pending on the demand of model accuracy and the indented use of the results. It
provides a good insight into what key parameters that affect generation, transmis-
sion and immission of ground-borne vibration from railway systems.

Regarding the actual calculation methods used within prediction models, there are
three main categories, namely, empirical, numerical and algebraic models. Obvi-
ously, algebraic ones are typically rudimentary, and are sometimes inconvenient to
use. Empirical and numerical models, or a combination of the two are often used
for ground vibration prediction today. However, there is no standardized predic-
tion model in use on a global scale, and several noise and vibration experts have
developed their own models based on experience. There are however a few models
that have been developed and utilized successfully within multiple projects. Among
these are the numerical ground vibration prediction model of Banedanmark [35],
and the semi-empirical model of the Norwegian Geotechnical Institute (NGI) [36].
Further, the previously mentioned empirical prediction models of HS1 and HS2 [5]
and [6] have been used at multiple occasions, globally.

Empirical models have the advantage of averaging over a multitude of separate in-
situ measurement cases (as for the HS1 and HS2 model which are based on over 3000
measurements). This means that variability of different parameters are inherently
included in the reference data used. Numerical models such as the Finite Element
Method, Finite Difference Method or Boundary Element Method, can be utilized
to achieve a relatively detailed model of for example a specific vibration generating
mechanism or response of building, but requires accurate input data as well as cor-
rect boundary conditions. Depending on the case and aim of the assessment, it can
be advantageous to use multiple model types for vibration prediction.

3.2 Description of the High-Speed 2 Prediction
Model

A general introduction to the HS1 and HS2 projects was presented in Section 1.1.
The following section presents the calculation method of the HS2 model, in-depth.
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The ground vibration prediction model developed in the HS2 project is an exten-
sion of the empirical HS1 model, enabling extrapolation of vibration values of lower
train speeds to higher ones for a proposed train (up to 360 km/h), or from higher
to lower. This is done by utilizing a vibration spectrum of a reference train as a
baseline source, and applying appropriate corrections to produce a predicted spec-
trum for the proposed train. The model can be used to predict vibration levels at
a receiver position R metres from the nearest rail of the track, and includes calcu-
lation procedures for both surface and tunnel running trains. The model takes into
account the source (train/track dimensions), insertion loss of the track system and
the propagation through the surrounding subground. The propagation correction is
performed using coefficients and a formula that accounts for both the geometrical
attenuation and material damping that occur in the transmission path to the re-
ceiver position, for a certain generic ground material type. Furthermore, together
with building response functions, weighting filters and time averaging due to an ex-
pected train flow, noise and vibration levels can be approximated inside of dwellings
and other buildings in the vicinity of the railway. According to [8], the model’s 95 %
confidence interval for predicted ground-borne noise and vibration levels are within
± 8 dB.

Since HS1 and HS2 are based on measurement data, there are several parameters
defined within the model that are used as baseline reference values. From the thou-
sands of measurements conducted in the HS1 project, data of vibration propagation
on several types of generic ground materials (referred to as lithology types in the
model) are documented. These materials are sand, sand & clay mixture, chalk
and clay. Furthermore, the reference source terms are defined for two train types,
namely Eurostar 373 / e300 (high-speed train) and British Rail Class 322 (passenger
train, here on referred to as CL322). Reference spectra of the Eurostar train has
been derived for sand, sand & clay mixture and chalk, and CL322 for clay lithology.
Insertion losses for three track system types are defined, as well as a generic func-
tion describing the so-called effective roughness (roughness excitation of rail/wheel),
which together with the parametric excitation is used to describe the two excitation
mechanisms of the reference and proposed train. All of the reference data men-
tioned are documented in tables found in the two published HS2 documents [5] and
[6] (also available in Appendix A). These documents include a description of the
model work flow, as well as formulas for calculations in each step, see Figure 3.1. In
this thesis project, the main focus is surface running trains. Therefore, the following
explanation of the calculation procedure will be of a surface train case. Further,
low-frequent ground-borne vibration is the main target. This is the reason for only
conducting the steps of the left wing of the flowchart after propagation correction
(the right wing would be used to compute predictions for structure-borne noise).
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Figure 3.1: Flowchart summary of the HS2 prediction model. Figure acquired
from [5].
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3.2.1 Step 1: Identify Lithology Under Track Formation
When conducting calculations using the HS2 model, the first step is to identify the
geological conditions at the site of the investigation. The objective is to determine
under which of the four different generic material types of the model that the studied
case is most correlated to, with regards to material properties.

Note: the HS2 documents do not present any criteria or procedure for actually
determining the properties at the site. Possibly, a geological study with seismic
measurements could be performed in order to determine the shear wave speed of
e.g. the top soil layer. The calculated wave speed can then be used together with
tables of material properties (like Table 2.3 presented in the Theory section of this
report), to acquire a rough estimate of the major component of the ground layer
profile. This should however be done with caution, since material properties of soils
can vary drastically, for example if the soil has a high water saturation.

3.2.2 Step 2: Surface Source Terms on Relevant Lithology
In the second step, the reference source spectrum for the determined lithology is
chosen. The source terms are measurements of the vertical component of the soil
particle movement at 10 metres from the nearest rail, presented as the RMS of the
free-field vibration velocity level in dB (reference value 10−6 mm/s), in one third
octave bands from 6.3 to 250 Hz (centre frequency). The reference values are spec-
tra calculated from measurement data evaluated over the train passage period. The
reference source terms are defined in Table 2, Annex D1 of [5] (also available in Ap-
pendix A, Table A.1 of this report), and are derived from measurements conducted
on good quality ballast tracks in France and the UK [5]. As mentioned previously,
the source spectra of the Eurostar train are used as the reference for all ground ma-
terial types within the model except for clay, where the CL322 vibration spectrum
is used instead. Figure 3.2 present the reference source terms included in the HS2
model.

Note: no specific information on how to evaluate the train passage time in the mea-
surement time signals is presented in the HS2 documents.
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Figure 3.2: The HS2 reference source terms. Data from Table 2, Annex D1 [5]
(also available in Appendix A). SNCF ball. refers to French standard ballast track
system, and BR ball. to British standard ballast track system.

3.2.3 Step 3: Correction for Unsprung Mass
In the third step, a level correction factor, denoted ∆L, for the unsprung masses (in
kilograms) of the proposed train and reference train is derived using the following
expression,

∆L = 20 log10

(
Ω

Ωref

)
, (3.1)

where Ω is the average unsprung mass of the proposed train, and Ωref is the average
unsprung mass of the reference train.

The calculated delta is then added to the proposed train’s source spectrum. This
will result in a shift of the complete spectrum line by a certain level in dB.

3.2.4 Step 4: Correction for Speed and Train-Track Char-
acteristic Dimensions

In this step, characteristic dimensions of the track and train are used to define the
parametric excitation caused by the dynamic wheel and rail interaction, the pass-
ing frequencies of e.g. the sleepers when the train is running. Further, a roughness
spectrum is also utilized to account for the wheel and rail roughness excitation.
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A generic roughness profile (roughness amplitude per wavelength) was derived from
a known rail roughness that is representative of good quality ballast track [5]. This
roughness spectrum is based on data from efforts made in a Crossrail noise and
vibration assessment [37], and from measurements conducted with corrugation anal-
ysis trolley at Steventon, England [38]. The spectrum includes data of roughness
amplitude for wavelengths of 0.01 to 25 meters, and can be viewed in Figure 3.3.
According to the HS2 documents, roughness levels for each source term spectrum
and for the different track types were not available. Instead, this generic roughness
curve has been adopted in the HS2 model [5].

Figure 3.3: The given effective roughness spectrum of the HS2 prediction model,
data from [5]. Data table also available in Appendix A.

The generic roughness profile is used as the reference spectrum for wheel rail rough-
ness excitation for both the reference train and proposed train. The next substep is
to utilize parabolic functions that describe the parametric excitation of the reference
train and proposed train respectively. These functions are superimposed onto the
generic roughness spectrum to form a spectrum representing the parametric and
roughness excitation, one for each train. The parabolic functions denoted LK , de-
scribe the contribution in vibration level from the passing frequencies of the Kth

sleeper or axle distance, etcetera [7]. The relevant input dimensions of the track and
train adopted by the HS2 model are defined in ISO 14837 [2]. They are also pre-
sented in Section 2.3.1 of this report. The following equation is utilized to calculate
the parabolic functions (one function per relevant track-train dimension),

LK(λ) = R(δK) + A−
(

log10 λ− log10 δK
B

)2

, (3.2)
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where λ is the wavelength in metres, δK is the Kth sleeper or axle spacing and
R(δk) is the amplitude of the generic effective roughness term at the wavelength
produced by the Kth sleeper or axle spacing [7]. A and B are constants describing
the shape of the parabolic terms, namely the amplitude and width. These can be
tuned to provide a better fit to measurement data. In Figure 3.4 below, the generic
effective roughness curve and the parabolic functions of an example train are plotted.

Figure 3.4: The generic roughness curve and parabolic functions representing the
contribution by the different relevant track-train dimensions (the calculated LK ’s).

In Figure 3.4, the vertical lines represent the centre wavelength produced by the
respective track-train dimension, which coincide with the vertex of the parabolas.
The parabolic function LK1 correspond to the sleeper spacing a, and LK2, LK3, LK4,
LK5, to axle dimensions b, c, d and e respectively, as defined in Figure 2.10, based
on ISO 14837 [2].

By superimposing the calculated LK functions with the generic effective roughness
curve, a train-specific effective roughness, denoted Reff is obtained. This is done
for both the reference train and for the proposed train. The following expression is
utilized, as stated in [7],

Reff(λ) = 10 log10

(
10R(λ)/10 +

∑
K

10LK(λ)/10
)
. (3.3)

In Figure 3.5 below, an example spectrum of Reff is presented.
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Figure 3.5: The train-specific effective roughness spectrum over wavelength.

Then, by utilizing the relationship presented in Equation 2.12 (f = v/λ), the ef-
fective roughness spectra are related to their respective train speeds. The reference
train travels at speed v1 and the proposed train at speed v2. Figure 3.6 presents an
example spectrum of Reff related to the train speed, amplitude over frequency.

Figure 3.6: The train-specific effective roughness spectrum over frequency (related
to the train speed).

Once a spectrum as presented in Figure 3.6 is calculated for both trains, the differ-
ence at the centre frequency of each one third octave band is calculated (proposed
train spectrum subtracted by the reference train spectrum in each band). To correct
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the reference spectrum and obtain an estimation of the proposed train spectrum,
the calculated delta in each band is added to the unsprung mass corrected reference
spectrum.

3.2.5 Step 5: Correction for Different Track System
If the reference train and proposed train use different track systems, the insertion
losses of the reference track system and proposed track system are utilized to cal-
culate a delta between them. This is done by subtracting the reference train’s
insertion loss with the proposed train’s insertion loss. Once calculated, the delta is
then subtracted with the unsprung mass and speed corrected spectrum of the pro-
posed train, to correct for the difference in insertion loss between the track systems.
The insertion loss is in the model documents defined as the change in vibration level
at 10 metres from the nearest rail of the track, if one track system is replaced with
another. The insertion loss levels are calculated with reference to a hypothetically
"highly" stiff reference track, according to the HS2 documents.

In the document [6], there are insertion losses defined for three different track sys-
tems, namely SNCF ballast (the French National Railway Company’s standard bal-
last track), BR ballast (the British Rail company’s standard ballast track) and a
so-called "base case track". The HS2 documents states that the base case track for
surface sections is a resilient slab track that is optimised to provide track stiffness
and vibration isolation performance similar to ballast track. No additional infor-
mation on these track systems are given in [5] or [6]. The insertion losses of the
different systems are presented in Figure 3.7 below. The data is presented in Table
3, Annex D1 [6] (also available in Appendix A, Table A.2 of this report).

Figure 3.7: The HS2 insertion losses plotted over frequency (the track systems are
here on referred to as SNCF, BR and BCT respectively).
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Before proceeding with further calculations, the section type for the proposed train
must be determined. i.e. if the proposed train will run on a track at surface level,
cut & cover tunnel or a bored tunnel. There are separate calculation methods for
the different section types, as can be seen in Figure 3.1. This thesis focuses on low-
frequent vibration from surface running trains, hence the following steps will describe
calculations for this case.

3.2.6 Step 6: Propagation Correction
In step 6 the vibration propagation from the track system to a receiver position at
a radial distance R metres from the nearest rail of the track is accounted for. The
formula for propagation correction accounts for the geometrical attenuation and
material damping that occurs in the chosen ground material over the distance R.
The propagation model for surface running trains has been derived from vibration
analysis of train passage measurements by a variety of trains in the UK, France
and Germany, on ballasted track. According to the model document [5], the main
subground layer governs the attenuation between source and receiver.

The correction is calculated using the equation presented for this step in the flowchart,
together with a set of propagation coefficients, J and K, for the different lithology
types defined in the HS2 model. The propagation correction, here referred to as
Pcorr. is defined as;

Pcorr. = J(f) log10

(
R

10

)
+K(f)(R− 10), (3.4)

where J and K are the ground material coefficients in each one third octave band,
which are defined in Table 7 of Annex D1 in [5], and are also presented in Table
A.4, Appendix A of this report.

When Pcorr. is calculated, it is then added to the unsprung mass, speed/track-train
and insertion loss corrected spectrum of the proposed train. Now, vibration levels
at R metres from the railway track is obtained. Depending on the demand of the
calculations, the subsequent steps of the model can be utilized to obtain weighted
vibration levels and/or noise levels inside of a building.

3.2.7 Step 7: Building Response
In step seven, building transfer functions are used to translate the vibration level
values on the ground surface at distance R metres (at the soil surface outside of the
building foundation), to vibration levels excited within the building at the floor level
of interest. For low frequent vibration it is usually the vibration level at the middle
of a floor span that is of interest. This can be relevant for comparing predicted
values to limiting values set for a particular building or area.
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3. The High-Speed 2 Prediction Model

3.2.8 Step 8: Anti-log Levels
Prior to applying a weighting filter to the calculated values, anti-log levels are cal-
culated from the spectrum computed after accounting for the building response
function. To calculate a so-called estimated Vibration Dose Value (eVDV) in the
subsequent steps, the RMS of the acceleration is used. Since the Lrms levels are
particle velocity levels, the anti-log formula contains an integration in frequency
domain, by multiplication of 2πf , to obtain acceleration. The anti-log acceleration
values, denoted Arms,f,t, are calculated using the following formula,

Arms,f,t = 2πf10−6
(
Lrms,f,t

20

)
. (3.5)

Note: the anti-log formula presented in [5] is seemingly incorrect if the goal is to
compute the acceleration, since that formula uses a division of 2πf in frequency
domain, which would produce displacement if Lrms are velocity values (see anti-log
level formula in Figure 3.1).

3.2.9 Step 9: Weighting
Depending on the aim of the predictions, the appropriate frequency weighting filter
is applied to the acceleration values in this step. For more information on weighting,
see Section 2.4 of this report.

3.2.10 Step 10: Event eVDV
In step 10, the event eVDV is calculated for a train passage near the centre of the
floor span in question. The following equation is used to calculate eV DVevent,

eV DVevent = 1.4
[∑

Arms,f ,
2
t

]1/2
t1/4, (3.6)

where Arms,f,t is the acceleration value near the centre of the floor span and t is the
train passage period.

3.2.11 Step 11: Sum over Number of Events
In step 11, the calculated eV DV value is summed over the number of events oc-
curring (the number of trains passing by) during either 8 or 16 hours. This is done
using the following equation,

eV DV16Hror8Hr = eV DVeventN
1/4, (3.7)
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where N is the number of events occurring during the selected time frame, 8 or 16
hours. The number of events could be based on information on expected train flows
for the particular railway line (during night and/or day). Other information about
the train operations would be needed to approximate the eV DV16Hror8Hr value,
e.g. data of train types, speeds, length of train sets and so on (this would be used
to compute the predicted vibration per event).

3.2.12 Step 12: Assessment criteria
In the last step, an assessment criteria can be determined, and measures can then
be taken accordingly. Depending on the computed vibration dose value and the
limiting values for the building in question, it can be decided if the vibration inside
of the building is determined sufficiently low, or if mitigation measures should be
implemented in order to reduce the excited vibrations.
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4
Train Passage Measurement and

Data Processing

This chapter describes the train passage measurement conducted by Efterklang, of
which the data was acquired for use within this thesis. The methodology of the
measurement data processing is presented in the last section of this chapter.

4.1 Description of Train Passage Measurement
Measurement data of train passages were obtained during the thesis, supplied by
Efterklang - part of AFRY. The measurement was conducted on the 30th of June
2009 on behalf of a Client, at a site along the Western Main Line, near Greby,
Skövde in Sweden (see Figure 4.1). It should be noted that railways in Sweden use
left-hand traffic, meaning that traffic on the western track of the Western Main Line
is going from Skövde towards Töreboda. Data sets along with a measurement report
draft and some other miscellaneous information were acquired. This section aims to
describe the conducted measurements, as documented in the measurement report
draft and other documents obtained from Efterklang.

Figure 4.1: Measurement location near Greby in Skövde, Sweden, coordinates:
58°32’02.6"N 13°58’40.4"E. Screenshots from satellite pictures taken in Google Maps.

The goal of the measurement was to document ground vibration from a variety of
passing trains for comparison with calculations. Apart from a multitude of differ-
ent train types that passed during the measurement, a Regina train operated by
the Client was used during measurement of several passages, under controlled cir-
cumstances, i.e. that the speed of the train was known during the passages. The
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4. Train Passage Measurement and Data Processing

measurement included measuring the vertical component of the soil particle accel-
eration, and were documented as raw time signals. The acceleration time signals
were provided in m/s2. The conversion by each transducer’s sensitivity (sensitivity
of accelerometers are usually given in mV/(m/s2) or mV/g) was done either in the
data acquisition system or afterwards prior to saving the data in the provided mat
files. A total of 16 transducers and 13 measurement positions were used (mostly
ICP eccelerometers from the manufacturer PCB, but also three seismic accelerom-
eters from Wilcoxon). 28 seperate train passages of different types were measured,
and six of the passages were with the Regina train at know train speed. The data
acquisition system used was a PAK Mobile MKII from Müller-BBM. All equipment
was calibrated to satisfy criterion of ISO/IEC 17025. The measured frequency range
was 0.2 to 200 Hz, although the data was high-pass filtered so that the amplitude
of the signal is reduced by 50 % at 0.5 Hz. This was done due to a disturbance at
0.25 Hz. The sample rate used in the data acquisition system was 512 Hz.

Figure 4.2: Transducer positions used during the measurement. Positions 5, 9 and
13 were equipped with two transducers per positions (one ICP accelerometer and
one seismic accelerometer).

During the measurements, there were three types of transducer placements. Posi-
tion 1 was an accelerometer fixed on a small square concrete slab recessed into the
ballast between the eastern and western tracks, with sand between the slab and
ballast material. At positions 2, 6 and 10 the accelerometers were fastened onto
the underside of the rail using glue. Position 3, 7 and 11’s accelerometers were
also mounted onto a recessed concrete slab with sand into the ground. Lastly, po-
sition 4, 5, 8, 9, 12 and 13 were all glued onto a steel ground spike, secured into
the soil. See Figure 4.3 for examples of the different transducer mountings. Note:
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during data processing of the measurement data one should be aware of possible res-
onances occurring due to transducer mounting. Further, during the measurements,
some of the sensors exhibited overloading, rendering some of the time data unusable.

Figure 4.3: Examples of sensor mountings used during the measurement. Example
(a) - transducer on concrete slab recessed into the ground material, (b) - transducer
mounted on the underside of the rail, (c) - transducer on concrete slab recessed into
the ballast material and (d) - transducer on a ground steel spike.

No information on the prevailing geological conditions at the site during the mea-
surement was obtained. Therefore, a geological map developed by the Geological
Survey of Sweden was utilized to determine the generic ground properties at the site
[21]. One should keep in mind that the map is based on sampling, and only provides
some general information on the prevailing conditions. Therefore, the conditions de-
clared by the geological map should be taken with a grain of salt, and viewed as a
potential factor of uncertainty. According to the geological map, the ground mate-
rial at the site is glacial clay over a bedrock of granite at approximately 3 to 5 metres
depth (here one should be aware of possible resonances in the ground layer profile
due to the relatively shallow depth to bedrock). According to the Geological Survey
of Sweden, glacial clay is a fine-grained soil type deposited during the melting off
the last icecap covering this part of the land [39]. According to [40], glacial clay is
to a large extent composed of fine-grain clay particles with high plasticity. It has
strong inherent cohesion forces between the grains and a very low amount of organic
matter inside. Glacial clay may also hold sand and stone particles, sporadically. The
load carrying capacity is stated to be varying from very high to very low depending
on the current and past geological conditions, as well as loading history.
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The data from this measurement was then utilized to compute the vibration levels
using Fourier analysis of the time signals. The methodology for the measurement
data processing is descried in Section 4.2.

4.2 Measurement Data Processing in Matlab
To enable comparison of predicted vibration levels of the HS2 model with measured
data of train passages, the frequency spectra of the acquired measurement time sig-
nals needed to be computed for the relevant one third octave bands (6.3 to 250 Hz).
The methodology for the measurement data processing done in Matlab is summa-
rized in the following paragraphs. The core of the script is based on example code
for Fourier analysis of time signals presented in Matlab’s Fast Fourier transform
documentation [41].

The first step in the data processing was to load one of the mat-files with the 16
channels of raw acceleration time data. The sampling frequency fs was set to 512
Hz and the sampling period T (total signal length in seconds) was calculated by the
following formula;

T = 1
fs
. (4.1)

In order to plot the time signal, a time vector t was computed using;

t = (0 : L− 1)T, (4.2)

where L refers to the total number of discrete samples in the signal. Also, a fre-
quency vector f was calculated by;

f = fs(0 : (L/2))/L. (4.3)

Once the time signal was plotted, the actual train passage could be identified due
the large increase in vibration from the noise floor during a passage. The subsequent
step was to cut out only the relevant part of the signal for frequency spectrum anal-
ysis. However, the increase in acceleration amplitude from noise floor was typically
gradual, meaning that it was difficult to determine at exactly which time instance
the train passage "begins" and "ends". The HS2 documents state that the source
spectra are derived from measurements of train passages that are evaluated over the
train passage period. However, the documents do not describe how this evaluation
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was done. Therefore, a procedure of cutting each time signal was decided upon, in
order to process the different time signals in the same way. The signals were cut
so that roughly 1/3rd of the time signal is prior to passage, 1/3rd during passage
and 1/3rd after passage. Using this procedure, the complete train passage remains
within the time signal, yet the signal is drastically shortened. Potential differences
in data processing between this thesis and the processing used for deriving the HS2
reference spectra have to be viewed as a potential source of error. As an example of
time signal cutting performed for all measurement signals processed in this thesis,
see Figure 4.4.

(a) Uncut time signal. (b) Cut time signal.

Figure 4.4: Example of a time signal from a train passage at 250 km/h, transducer
positioned 25 metres from the centre-line between the rails of the western track.

Due to the type of signal, transient signals with very low ambient vibration noise
floor, it was decided to use a uniform window before conducting the Fourier trans-
form. As the next step in the processing, the Fast Fourier Transform was performed
on the time signal. The single-sided power spectrum was calculated by first dividing
the double-sided spectrum with the number of samples, then splitting the double-
sided spectrum at DC, and multiplying the single-sided spectrum by two (in order to
maintain the correct energy of the spectrum). To compute the velocity spectrum, a
derivation of the acceleration frequency components was performed in the frequency
domain by dividing each component by jω (ω = 2πf ). Also, the RMS value of each
sinusoidal component was calculated by dividing them by

√
2. The levels were then

calculated using the following expression;

XdB = 20 log10

(
|X|
10−9

)
, (4.4)

where X refers to the computed frequency spectrum. The reference value for veloc-
ity levels is 10−9 m/s.
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As the last step, the narrow-band velocity levels were summed into their respective
one third octave band using the equation;

Lu,tot = 10 log10

(
10Lu1/10 + 10Lu2/10

)
, (4.5)

where Lu,tot is the total velocity level of the particular one third octave band and
the Lu1 is the level of the first frequency in the band, Lu2 is the second frequency
and so on. This was done for all one third octave bands from 1.25 to 250 Hz (cen-
tre frequency). This frequency range was computed in order to enable comparison
of the measurement with predicted values of the HS2 model, and also to plot the
measurement’s frequencies below the HS2 range. However, the frequency band of
250 Hz was set to Not-a-Number due to lack of measurement data in this band (as
mentioned, the measurement frequency range was from 0.2 to 200 Hz).

The to produce an averaged spectrum of one train passage for comparison with the
HS2 model, the complete calculation procedure presented in this section was re-
peated for all measurement positions relevant for the subsequent comparison. One-
third octave band spectra were therefore computed for all relevant positions. For
each measured speed of the Regina train there were several accelerometer positions
that had an equal transmission distance between the track and transducer. An
averaged spectrum for a particular passing speed and receiver distance was then
calculated by averaging over several equidistant accelerometer positions. Further,
the ambient vibration level at the site was calculated from conducted background
measurements, averaging over a total of 7 measurement positions. For the back-
ground vibration level, a Hanning window function and amplitude scaling factor of
2 was applied due to the signal type, a random noise time signal with rather con-
stant vibration amplitudes. The Signal-To-Noise Ratio (SNR) was determined to be
at least 17 dB, generally higher, for all bands of all averaged passage spectra. The
determined ratio was considered sufficient, and no correction for background noise
was performed to any of the computed spectra.

As mentioned earlier, the complete Matlab script used for data processing is pre-
sented in Appendix C.
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5
Comparison Study - Predictions

versus Measurements

This chapter describes the method used for the comparison of HS2 predicted vi-
bration spectra of the Regina train, with the computed measurement spectra from
Greby, Skövde. It describes the assumptions made in order to enable calculations,
due to the limited input data. An explanation of how the HS2 model script was set
up and used in order to generate predictions is given.

To enable calculations using the implemented Matlab model, some assumptions and
approximations were needed. A very limited amount of data on unsprung masses
of different trains were found. Even in the HS2 documents, no information on av-
erage unsprung mass of the reference trains Eurostar 373 or CL322 are presented.
Therefore, the assumption that the reference train and proposed train have equal
unsprung mass was made, which then needs to be considered a factor of uncertainty
when interpreting the results. In the script after the unsprung mass correction, one
has to input the train-track dimensions of both the reference train and proposed
train into the loop that calculates the effective roughness of both trains. None of
the dimensions mentioned in Figure 2.10, relevant to the Eurostar 373 or CL322,
are mentioned in the HS2 document. However, the total length of a Eurostar 373
middle carriage (the most frequent carriage type in common Eurostar train sets)
is stated to be 18700 millimetres according to [42]. Approximations of the differ-
ent dimensions had to be conducted for all trains used in the comparison, namely
Eurostar 373, CL322 and Regina. Together with side-view pictures of the trains,
the other dimensions were approximated by measuring in the photos (mm per pixel
using a pixel ruler tool). The wheel base of Regina trains is declared to be 2700
millimetres according to [24], and the total length of CL322 carriages is stated to
be 19950 millimetres according to [43]. The sleeper spacing of the BR and SNCF
ballast tracks are 650 and 550 millimetres respectively [5]. For the Regina train it
was assumed that the sleeper spacing is equal to the standard spacing for all new
railway constructions in Sweden, which is 600 millimetres according to [25]. The
dimensions used for the comparison study are summarized in Table 5.1 below. The
generic roughness spectrum used in the HS2 model only has data of wavelengths
up to 25 metres. Since dimension e for the Regina train is circa 29 metres, it was
set to 25 metres in the model. The approximations of the train dimensions have to
be considered a possible source of error when comparing predicted versus measured
spectra.
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Table 5.1: Track-train dimensions used for calculation of HS2 vibration spectra,
equivalent to measurement spectra. The dimensions are presented in millimetres.

a b c d e
Train type: - - - - -
Eurostar 373 550 3320 3320 15405 21978

CL322 650 2800 4912 9928 22677
Regina 600 2700 4800 16080 28980

After specifying the dimensions for the reference train and proposed train, the A and
B constants for the parabolic functions describing the parametric excitation were
set to 5 dB and 0.05 metres respectively (these can however be used to tune the
model). Once the effective roughness spectra for the two trains were computed, they
were related to their respective train speed, reference train speed and proposed train
speed. From the one third octave band difference between the effective roughnesses,
the speed and track-train correction was calculated and used to correct the proposed
train vibration spectrum with. After this correction, one of the three insertion losses
defined in the model is assumed for the proposed train (SNCF ballast, BR ballast or
BCT) and corrected for as described earlier. Lastly, depending on lithology, the two
spectra are adjusted in order to account for the transmission between source and
receiver. For comparisons, the receiver distance R was set to calculate equivalent
transmission in the model as for the measurements, which was between rail centre-
line to accelerometer position. The measurement receiver distances were measured
from the rail centre-line and the HS2 model calculates from the nearest rail of the
track, meaning a difference in half of the track gauge has to be accounted for, which
is 717.5 mm for Swedish standard track gauge. With the assumptions described in
this paragraph, predicitons of Regina passages using the implemented model could
be performed.

For the comparison study, measurement spectra equivalent to the predictions had
to be calculated. This was done by summarizing and computing averaged one third
octave band spectra for passages of the Regina train at 250 km/h, 200 km/h and
150 km/h, at two different receiver distances, 10 metres and 25 metres. This was
done as described in Section 4.2, and generated six separate averaged vibration level
spectra to be used for comparison with their equivalent model prediction. Figure
5.1 presents an example of one measurement passage. The levels of the separate
equidistant measurement points and their average are plotted, as well as the average
background level.
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Figure 5.1: Measurement data from passage of the Regina train at 25 metres from
the centre-line between the rails of the western track. Train speed: 250 km/h. The
thin solid lines are the levels at the separate accelerometer positions (positions 5,
9 and 13, accelerometer mounted on a metal ground spike secured in the surface
ground layer). The solid circle-marked line presents the calculated average between
the measurement points. The thin dashed line is the averaged background vibration
level. The vertical line is located at 6.3 Hz, the lower end of the HS2 model frequency
range.

The ground material of the measurement location, glacial clay, is not explicitly de-
fined in the HS2 model. Therefore, the step after summarizing the measurement
averages was to identify which of the generic lithology that produce spectra with
the highest correlation to the glacial clay measurement spectra. Furthermore, the
assumed track system of the proposed train affects the predictions computed by the
model. Therefore, there was a need to determine the track system and lithology
combination that provided the most accurate predictions for Regina on Swedish
standard ballast track and glacial clay. An effort to compute the HS2 spectra using
all of the different lithologies in combination with the different track systems was
performed, which in the end generated twelve HS2 predicted spectra to compare
with each measurement spectrum (4x ground material types with their respective
reference spectrum and 3x track systems with their respective insertion loss). An
example plot of one of these comparisons is presented in Figure 5.2.
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Figure 5.2: Example plot of the comparison between HS2 predictions with different
lithologies and different track systems, versus averaged measurement data. Regina
train passage at 250 km/h on glacial clay, receiver position at 25 metre distance.

Six separate plots as the one presented in Figure 5.2 were used to determine the
appropriate ground material and track system combination for modelling glacial
clay and the Swedish track system, at the site in Greby. In order to quantify the
similarity between a prediction and measurement curve, the absolute value of the
difference in each one third octave band was calculated, and then summed. The
HS2 ground material and track type combination with the lowest value exhibits the
most similar trends with the measurement spectrum curve. This combination was
declared the most suitable to use for predictions of the considered case, glacial clay
at this specific site. Further analysis using only the identified ground material and
insertion loss combination was then performed, in order to investigate the differ-
ences in spectral components and to deduce potential limitations of the model and
its predictions, etcetera. The continued analysis also included tuning of the model’s
A and B parameters for the parabolic functions, to provide a better fit to measured
data. The results from the comparison study are presented in Chapter 6.
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6
Results and Discussion

This section presents the results generated within the thesis project as a whole.
This includes results and discussion on the implemented HS2 model predictions and
the comparison investigation. The model itself is analysed and discussed. Further,
factors of uncertainty, plausible limitations of the model and potential adaptations
are presented. Proposals for continued work are stated at the end of this chapter.

6.1 Results and Discussion of the Implemented
HS2 Model Predictions, Measurement Data
Processing and Comparison Study

The processing of measurement data resulted in six averaged spectra of the Regina
passages. As stated previously, the averages were derived from multiple measure-
ment points per train speed, and were calculated using the previously presented
processing technique. Not all measurement point time signals were possible to use
for the data processing (due to e.g. sensor overloading and/or generally faulty time
signals with obscure trends and levels). This means that the average of each mea-
surement spectrum has been taken of a varying number of sensor signals, and the
accuracy could possibly be improved for future measurements. Also, analysis of the
separate measurement points revealed that there can be a relatively large spread
in vibration level between points, particularly at 25 metre receiver distance and for
frequencies from around 4-7 Hz and below (see the low frequency range of Figure
5.1). This could be due to low frequency resonances in the ground layer profile
and/or other propagation effects, producing a complex wave pattern where the soil
response at the surface differ significantly from positions to position. This could
mean difficulty of estimating vibration at low frequencies, and might be a reason for
why the HS2 model is only valid for frequencies down to 6.3 Hz. Moreover, when
analysing the averaged measurement curves, it is difficult to deduce if there are any
frequency components/spectrum peaks that relates to a potential resonance in the
accelerometer mountings, which has been discussed previously, and can be a possi-
ble source of deviance between prediction and measurement. Conducting new train
passage measurements under Swedish conditions for several more ground material
types, with the aim of using in continued work of this thesis would be advantageous.
However, planning measurements of train passages require a substantial amount
of preparation and resources, and due to the limited time-frame of the thesis, the
acquired measurement data was the only feasible option for comparing predictions
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with real measurement data.

From the six comparisons of the Regina measurements with HS2 predictions of all
defined ground material types within the model, and in combination with one of
the three different track systems (according to the evaluation procedure presented
in 5.). Out of the six comparisons, sand & clay mixture on BR ballast produced
values closest to the measurement curve two out of six times, sand & clay mixture
on SNCF ballast one out of six times and sand on SNCF ballast three out of times.
The results are slightly ambiguous, however, they indicate that sand & clay mix-
ture with British track and/or sand with French produce the highest correlation
to measured data. This seems reasonable due the the description of glacial clay as
presented in Section 4.1. Glacial clay is a soil material with fine-grained cohesive
clay mixed sporadically with sand and stone. Based on this finding, the two materi-
al/track combinations chosen for further analysis were sand & clay mixture on BR
ballast track and sand on SNCF ballast track. The two combinations gave overall
the best results for the particular location (glacial clay, 3-5 metre depth to bedrock,
Swedish standard ballast rail system). Further, the ground material at the site has
a load-bearing capacity and stiffness of that can vary drastically, and is dependant
on e.g. water saturation, which in turn can differ over time due to seasonal changes
etcetera. Moreover, the rather shallow depth to bedrock could possibly cause reso-
nances in the ground layer profile. Due to the potential sources of error along the
calculation chain, the results of the model are viewed as indicative, and predictions
should still be performed with caution, and favourably verified by measurements.
To be certain on the geological conditions at the measurement site, a seismic study
would have to be conducted. It is possible that the measurement site ground mate-
rial consist of glacial clay with high amounts of sand. Figure 6.1 presents all Regina
measurements compared to the equivalent HS2 predictions of sand & clay mixture
on BR ballast and sand on SNCF ballast. The blue solid lines with square markers
represent the measurement spectra at the particular speed and receiver distance,
the red solid line with circles represents the HS2 prediction of sand & clay mixture
on BR ballast and the green solid line with crosses represents the HS2 prediction of
sand on SNCF ballast. The blue dashed line is the single value of the measurement
spectrum, the red dashed dotted line is the single value of the HS2 prediction of
sand & clay mixture on BR ballast and the green dotted line is the single value of
sand on SNCF ballast.
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(a) 250 km/h, R = 25 m. (b) 250 km/h, R = 10 m.

(c) 200 km/h, R = 25 m. (d) 200 km/h, R = 10 m.

(e) 150 km/h, R = 25 m. (f) 150 km/h, R = 10 m.

Figure 6.1: Comparison of Regina measurements at different speeds and receiver
distances, versus HS2 predictions of Regina train as proposed train on sand & clay
mixture / BR Ballast, as well as on sand / SNCF ballast.

When analysing the plots of Figure 6.1, it is realised that the general trends in the
predicted spectra are to a certain extent similar to the measurement spectra. Sep-
arate band levels can vary significantly, but the overall magnitudes of the spectra
seem to be at a reasonable agreement. The single values of four out of six comparison
plots show that the HS2 model’s single values are usually slightly higher than the
measurement’s. The average difference between the single values of measurement
spectra versus sand & clay mixture / BR, and sand / SNCF have been calculated.
They were calculated to be 1.9 dB and 2.2 dB respectively. Both values are rather
close the measurement single value, which points towards a reasonable prediction
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accuracy when considering the total single value of the complete spectra, and not
the exact frequency components of each band. Deviations between the spectra’s
separate bands are expected due to the possible error sources and assumptions that
were needed to enable predictions in the first place. Factors of uncertainty are fur-
ther discussed in the next section. In the frequency range from around 10 to 15
Hz and downwards (slight variations between separate plots in Figure 6.1), the HS2
model seems to predict lower levels when compared to the measurement curves, an
under-estimation in this range (except for subfigure e in Figure 6.1). This holds for
both material and track combinations used in the final comparisons. When look-
ing at the HS2 reference spectra, is is realised that the general trend in the low
frequencies is a roll-off in level. For most measurement spectra, there seem to be
relatively high levels in the very low range, which is contradictory. This could mean
differences in material properties and vibration response between central European
soils (as the generic ones defined within the model), and Swedish soils. It would be
of interest to extend the range of the HS2 model down in frequency (to reflect the
ISO 14837 standard [2] range for low frequency vibration, 1 to 80 Hz), and evaluate
the precision in this range. However, an extension would probably mean multiple
more measurements to produce new source term spectra with sufficient statistical
confidence. Also, as declared in the measurement data analysis section, there can be
significant differences between separate measurement points at very low frequencies.

In Figure 6.1, there seems to be a systematic over-estimation in the mid/high fre-
quency range, which is seemingly consistent through different comparisons. The
exact range of the over-estimation of course varies for the separate plots. The plot
of Regina at 200 km/h, 25 metre receiver distance is the only comparison where the
the measurement’s single value is higher than the both of the predicted single values.
When analysing the overall shape of the predictions curves, they seem to decently
follow changes in receiver positions, and different speeds. This indicates that the
model can be used successfully for the analysed case, under Swedish conditions. This
model is used for noise and vibration assessments (environmental assessment model
as declared in the standard ISO 14837 [2]), and is seemingly not derived for detailed
analysis. Therefore, it would probably be sufficiently accurate to use for Swedish
conditions at an environmental assessment level, but validation measurements are
still recommended. It could be advantageous to derive new source term spectra
and propagation terms specific to generic Swedish ground materials and common
Swedish trains.

As a test, the model’s A and B parameters for the parabolic functions were adjusted
for one of the comparisons plots to see if the predictions could be tuned to provide
a better fit to measured data. The 200 km/h and receiver distance 25 metres was
chosen for this study. For all comparisons in Figure 6.1, A and B were set to 5
dB and 0.05 metres respectively. In an iterative way, both the parameters were
altered in small increments up and down. Ultimately, a set of parameter values
that provided a slightly better fit between predictions and measurement was found.
These where A = 8 dB and B = 0.06 metres for sand & clay mixture / BR, and
A = 5 dB and B = 0.06 metres for sand / SNCF. Two plots from this study are
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presented in Figure 6.2 and Figure 6.3. The spectrum of the reference trains were
also included in order to visualize the effect of the HS2 model corrections.

Figure 6.2: The resulting HS2 predictions of sand & clay / BR after tuning the
coefficients of the parabolic functions for the proposed trains. Regina passage mea-
surement at 200 km/h, receiver distance 25 metres.

Figure 6.3: The resulting HS2 predictions of sand / SNCF after tuning the coef-
ficients of the parabolic functions for the proposed trains. Regina passage measure-
ment at 200 km/h, receiver distance 25 metres.

Both the tuned prediction curves in Figure 6.2 and Figure 6.3 follow the measure-
ment curve quite well. One major difference for the tuned sand / SNCF curve is at
50 Hz, where the prediction presents a peak and the measurement a dip. The peak
at 80 Hz can be seen in the sand / SNCF graph and the measurement curve, but
it differs in magnitude. For the tuned sand & clay mixture / BR curve the peak at
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around 16 Hz is flat when compared to the measurement curve, and the peak around
80 Hz is for this material / track combination wider than sand / SNCF. Both ma-
terial / track combinations present an under-estimation in low frequencies, with the
most deviance to the measurement curve occurring for sand / SNCF. Further, when
studying the curves which represent the reference trains (reference spectra only cor-
rected for propagation), it can be seen that the model’s corrections are producing
proposed train curves that fit much better to measurement data. The used reference
spectra are Eurostar 373 at 250 km/h for sand & clay mixture, and 268 km/h for
sand, with propagating corrections for 25 metre receiver distance and the respective
material coefficients.

6.2 Analysis and Discussion of the HS2 Predic-
tion Model

This section presents an analysis and discussion on the HS2 prediction model, with
its limitations in focus. Further, possible error sources within the model is also
discussed.

The HS2 model utilizes empirically acquired data for the reference spectra defined in
the model. There is no information in the model description documents on how the
reference spectra of the generic ground materials were derived, for example if some
sort of average is utilized or not. Obviously, the inherent shape and magnitude
of the used reference spectrum affects the spectrum shape of the proposed train,
with artifacts that can be seen when comparing the reference spectrum with the
proposed spectrum. This is unavoidable when utilizing reference data to compute
predictions. All of the model’s reference spectra are measurements of the vibration
level at 10 metres from the nearest rail of the track, and it would be possible to
derive several more spectra for other materials. For further work, it would be ad-
vantageous to compare further measurements with model predictions for even more
types of ground materials. However, as seen in the comparison study, the model
does pretty well when predicting the single value of a train passage, usually with
slight over-estimation of levels. The model can be tuned to achieve even better
accuracy. Nevertheless, empirical and numerical models are only approximations of
the real life case, and there will always be deviations depending on quality of input
data, setup of model parameters, measurement artifacts etcetera. To minimize the
influence of crude assumptions and other possible error sources, it is important to
identify and document the factors of uncertainty and how they affect the results.
The following section incorporates a list which summarize the possible limitations
and factors of uncertainty within the HS2 model.

6.2.1 HS2 Model Limitations and Factors of Uncertainty
a. As stated in [5] and [6], a limitation of the model could be the fact that it only

models the vertical vibration component. Vibration is a three dimensional
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phenomenon, and all three axes influence the particle motion in the medium,
and thus the resulting vibration at a receiver position. According to the model
documents, low to mid-rise building are generally more susceptible to vibration
in vertical direction, and human receivers are more sensitive to vibration in
vertical direction, i.e. from feet to head. The model does not seem to take into
account if a person is in recumbent position e.g. during sleep (and the model
is still used for calculating comfort during night time). This orientation would
mean that humans have a different sensitivity to vibration, which complicates
the problem further.

b. A limitation in the model is due to the available data for the generic rough-
ness function that is utilized in order to model the excitation of wheel and
rail roughness. This function also influence the parametric excitation (the
parabolic functions are superimposed onto the generic roughness curve). The
measured roughness spectrum only contains roughness amplitude values to
model wavelengths down to 25 metres. This means that the model can not
handle wavelengths above 25 metres. For example, during this thesis is was
found out that one of the dimensions of Figure 2.10 (derived in ISO 14837 [2]),
of the Regina train is above 25 metres, meaning that this parabolic function
could not be superimposed onto the roughness curve, hence no contribution
from this dimension. As stated before, in the study of the Regina train, this
dimension was set to exactly 25 metres (the actual dimension is approximately
29 metres), which is a possible factor of uncertainty of the computed HS2 spec-
tra. However, one Regina HS2 spectrum was checked with and without this
parabolic term, and the difference was considered minor.

c. The A and B constants for the parametric excitation have to be set to a
particular level and wavelength respectively. These assumptions directly in-
fluence the levels and overall shape of the predicted vibration spectrum. These
constants can be tuned to provide a better fit between predictions and mea-
surements. An effort to tune the parameters were conducted with favorable
results as described previously. In that study, A and B were set to the same
value for all calculated parametric terms, for each material/track combina-
tion. However, the constants could possibly be set to individual values per
track-train dimension (five separate LK parabolic functions with separate AK
and BK values). This might provide better accuracy, but yields difficulties
when conducting predictions without measurement data for validation of the
predictions.

d. Another possible error source in the calculations can arise from inaccurate
input data, for example inaccuracies the dimensions for the parametric excita-
tion. As stated previously, it proved difficult to acquire all the data needed to
model the trains. Limited technical specifications of the trains were found. In-
stead, approximations had to be utilized. This, in turn, affect the train specific
effective roughness. Nevertheless, a fairly good correlation was achieved in the
comparison between measurements and predictions, which indicates that the
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assumptions are probably reasonable.

e. The HS2 model’s frequency range spans from 6.3 to 250 Hz. According to ISO
14837 [2], the relevant frequency range for ground-borne noise and vibration
spans from 1 to 250 Hz, with low frequency vibration occurring between 1 to
80 Hz. This is a limitation of the model. Building and floor span resonances
are usually found at very low frequencies. It might be appropriate to extend
the frequency range to around 1 Hz in order to draw more accurate conclu-
sions for very soft ground materials and for assessing the risk of coinciding
with building eigenfrequencies. However, ISO 14837 [2] states that in general,
the critical frequency range for response of building elements is between, 1 to
100 Hz, and most of this range is covered within the model calculations.

f. The HS2 model uses a generic roughness profile derived from several mea-
surements as described in Section 3.2. Obviously, the roughness depend on
tolerances, manufacturing, corrosion as well as wear and tear over time. The
roughness will therefore be slightly different between a new and an older well
used track. Also, the roughness profile of Swedish ballast track system might
differ from the HS2 model’s.

g. The conducted analysis of this study has shown that the assumed insertion
loss has a relatively large influence on the predicted vibration levels. This
certainly applies to the higher end of the frequency range, where the differ-
ence between the models included insertion losses can be rather drastic, from
around 70 Hz and upwards. A calculation of the insertion loss of the track on
which the proposed train is running on would probably increase the accuracy
of the predictions (for example the insertion loss for Swedish standard ballast
track for the Regina case).

h. Obviously, the ground material plays a large role in the transmission of vi-
bration to the surroundings. The possible influences have been discussed pre-
viously. Ground material type, water saturation, inhomogeneities, complex
wave patterns due to ground layer resonances, wave-guiding due to topology
and more, are all examples of possible factors influencing the vibration spec-
trum at a receiver position R metres form the track. Since the behaviour of
the ground layer profile can vary drastically from case to case, it is possible
that the model sometimes produce a propagation correction that differs from
the real life case.

i. A limitation of the model is also that two out of the four defined reference
spectra are missing level data in the upper frequency range. This can be seen
in Figure A.1 in Appendix A. The two lithologies with limited data are sand
and sand & clay mixture.
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6.2.2 Proposals for Continued Work
The topic of train related ground vibration is comprised of several subjects within
science and engineering. To allow for such a multidisciplinary study to be conducted
within the given time-frame of this thesis, relevant limitations had to be set. This
means that interesting subjects are explicitly stated to be out of scope, which could
be studied if further time is given. The following section aims to document some of
the topics of potential continued work.

The first idea for continued work is to utilize the developed Matlab model in further
comparisons with measured data. Therefore, several measurements of train passages
of e.g. the Swedish high-speed train X2000 and freight trains on different ground
materials would need to be conducted. Preferably with some geological/seismic in-
vestigation to accompany the measurement data. By conducting measurements with
the aim of using them to compare with the developed HS2 model script’s predictions,
the measurements can be setup to achieve accurate data for the particular task at
hand. It would be recommended to measure with accurate seismic accelerometers
(with a frequency response down to around 1 Hz). A proposal for measurement
positions could be; on the rail, 10 metres, 25 metres and 40 metres. During the
measurements, it is recommended to keep an accurate record of the passing trains,
and to record the speed of each train. Recording the speed could preferably be done
with a lidar gun, but also by means of video recording perpendicular to the railway
track. A video recording would also make it possible to identify the setup of the
train-set, as well as approximate axle distances and so on. Regarding the ground
layer materials, it would be of interest to measure on two locations where the lithol-
ogy is as close to the HS2 defined generic lithologies as possible, for example identify
and measure on sand & clay mixture or pure clay as the main material body sup-
porting the railway track system. It would also worthwhile to measure an extreme
case, were the ground material is very loose (for example on muck or ooze), and
compare to HS2 predictions. It is recommended to measure at sites were the depth
to bedrock is as large as possible, in order to avoid ground profile resonances. If
several measurements are to be conducted, new vibration source terms and for other
ground material types and Swedish trains might be possible to derive, which could
make the model more accurate for Swedish conditions. Propagation coefficients for
the added ground material types would also have to be calculated.

Further, continued work of adapting the model to Swedish conditions could be per-
formed with regards to the roughness profile used in the calculations, and the in-
sertion loss spectrum. Also, if the effective roughness profile could be measured
for longer wavelengths, the model might be applicable for lower frequencies than
6.3 Hz. Regarding the roughness profile, a function derived from measurements on
Swedish standard rail system and rolling stock would have to be conducted. If this
roughness profile differs drastically from the generic profile used in the HS2 model,
the Swedish one could be utilized for the calculations instead. However, for this
derivation, more in-depth information on how the insertion losses of the model were
derived, information on the used reference and so on. A measurement with equiva-
lent prerequisites would then have to be setup and conducted.
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An effort to compile a database with technical information on the reference trains
of the HS2 model and Swedish trains could be performed, in particular of the high-
speed trains under operation in Sweden. This database would preferably include
the train dimensions discussed earlier, the standard sleeper spacings, average un-
sprung masses, total weights and also information on common train-set configura-
tions. Lastly, the current implemented HS2 Matlab script could be expanded in
order to allow for calculations on Green’s tunnel sections, as well as for tunnels.
Further, the last steps of the model that include weighting and event eV DV could
be programmed. These steps can also be adapted in order to compute weighting
etcetera, using Swedish standard metrics.
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Conclusion

This thesis can be characterized as distillation of several broad and complex sub-
jects, down to the relevant information for the particular task. Focus was kept on
the initial aim, objectives and demarcations. Firstly, based upon the conducted
investigation, it is possible to utilize the default HS2 prediction model to compute
relatively accurate predictions for Swedish conditions, with the model’s included
reference data. It was possible to model the particular studied case, i.e. glacial clay,
fairly well. It was determined that using the model with the material / track com-
binations of sand & clay mixture / BR ballast track or sand / SNCF ballast track,
produced the highest correlation between predictions and measurements. Due to
the description of glacial clay, it is expected that one of these ground material types
would produce the best results. The calculated single values of measurement versus
predictions are within -3.6 to +7.7 dB for all final comparisons (Figure 6.1). When
looking at the complete spectrum, the model seems over-estimate vibration levels
for the majority of the separate comparisons. The difference per one third octave
band can vary, and there are occasions where the model can not approximate some
of the peaks of the measurement data spectra. However, the model captures the
major peaks, and the overall magnitude is reasonably accurate when compared to
measurement data. An over-estimation of vibration level can lead to expenses by
means of major noise and vibration mitigation measures, but one could argue that
this is more advantageous than an under-estimation. An under-estimation could
ultimately lead to noise and vibration issues not being identified. The model is
seemingly aimed for noise and vibration assessment on a "macro-level" in an inter-
mediate project phase, i.e. not for detailed study of for example the exact frequency
content of one passage event. With regards to low frequencies, the model seemingly
under-estimates vibration levels in the lowest part of the frequency range, when
comparing with measurement spectra. This is important to consider when utilizing
the model for calculations on soft ground materials. Also, as discussed earlier, it
might be of value to extend the model by means of including reference data for
more ground materials and track systems, and by incorporating reference data for
lower one third octave bands than the current lowest of 6.3 Hz. This could possibly
enhance the accuracy of the predictions, especially for low frequencies were all mea-
surements studied in the Swedish case present relatively high levels in the lowest
part of the frequency range. However, several more measurements of train passages
under Swedish conditions are needed for continued work of adapting the model.

One of the main deliveries of this thesis is the developed Matlab script of the HS2
model, based on the model documents and papers. So with reference to the questions
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stated in the beginning of the report, it is possible to program the HS2 model in
Matlab in a useful way for vibration level estimation. The model is relatively straight
forward to setup and use for noise and vibration predictions. It is considered a
rather quick and easy methodology for vibration estimation, if correct input data is
available and/or if adequate assumptions are made. Also, the script for measurement
data processing can be useful for future work.
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Appendix A

Reference Data of the HS2 Prediction Model
The following tables include all of the reference data of the HS2 ground vibration
prediction model, on surface level. The data was acquired from [6] and [5], where
also data for the cases of bored tunnel to surface and Green tunnel can be found.

Table A.1: Reference source terms of the HS2 model. Vertical component root-
mean-square of the particle velocity, level in dB with reference value 10−6 mm/s
(Table 2, Annex D1 in [6].)

1/3rd
Oct.
Band
(Hz)

6.3 8 10 12 15 20

Train
Type:

Lith-
ology:

Ref.
Speed
(km/h):

Ref.
Dist.
(m):

Ref.
Track: - - - - - -

Eurostar Sand 268 10 SNCF
Ballast 74.5 88.4 93.8 102.3 106.0 108.7

Eurostar Sand &
clay 250 10 SNCF

Ballast 85.6 86.0 83.4 87.3 89.5 106.2

Eurostar Chalk 285 10 SNCF
Ballast 69.0 78.2 74.2 75.9 85.8 93.6

CL322 Clay 100 10 BR
Ballast 54.8 68.3 76.1 76.6 76.5 82.5

25 31.5 40 50 63 80 100 125 160 200 250
108.7 104.7 101.0 105.7 98.2 93.9 81.2 75.3 - - -
101.7 108.6 107.3 106.1 103.1 94.6 84.2 79.7 72.0 - -
98.9 96.6 91.2 96.0 93.2 92.3 87.0 87.7 77.6 66.7 59.2
86.1 90.2 92.2 91.1 80.2 73.3 67.1 61.5 62.3 54.7 46.9

Figure A.1: The HS2 source terms of Table A.1 plotted over frequency.
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Table A.2: Insertion losses in dB for the included track systems of the HS2 model
(Table 3, Annex D1 in [6].)

1/3rd
Oct.
Band
(Hz)

6.3 8 10 12 15 20 25 31.5 40

Track
Type:

Sleeper
spac.
(m):

- - - - - - - - -

SNCF
Ballast 0.55 0.0 0.0 -0.1 -0.2 -0.5 -1.1 -2.3 -4.1 -6.0

BR
Ballast 0.65 0.0 -0.1 -0.2 -0.7 -1.5 -3.0 -6.0 -10.0 -10.0

Base
Case
Track

0.60 -0.6 -0.5 -0.4 -0.5 -0.8 -1.2 -2.0 -3.3 -6.0

50 63 80 100 125 160 200 250
-7.5 -8.6 -10.3 -9.5 -5.5 2.1 5.1 17.5
-7.8 -4.7 -0.6 4.6 9.6 5.3 3.8 3.8

-10.2 -8.7 0.0 6.3 11.5 16.6 21.5 32.1

Figure A.2: The HS2 insertion losses of Table A.2 plotted over frequency.
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Table A.3: Effective roughness function of the HS2 model (Table 4, Annex D1 in
[5]). A total of 35 separate wavelengths with corresponding level in dB, reference
value 10−9 metres.

Wave-
length
(m):

25.0000 20.0000 16.0000 12.5000 10.0000 8.0000 6.3000 5.0000 4.0000 3.1500

Level
(dB): 55.0 54.0 53.0 52.0 51.0 48.1 45.0 42.0 39.1 35.9

2.5000 2.0000 1.6000 1.2500 1.0000 0.8000 0.6300 0.5000 0.4000 0.3150 0.2500
32.9 30.0 27.1 23.9 21.0 19.5 18.0 16.5 15.0 13.5 12.0

0.2000 0.1600 0.1250 0.1000 0.0800 0.0630 0.0500 0.0400 0.0315 0.0250 0.0200
10.5 9.1 7.5 6.0 4.5 3.0 1.5 0.0 -1.5 -3.0 -4.5

0.0160 0.0125 0.0100
-5.9 -7.5 -9.0

Figure A.3: The HS2 effective roughness function of Table A.3 plotted over wave-
length.
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Table A.4: Propagation coefficients J & K for surface trains over the HS2 defined
generic lithologies (Table 7, Annex D1 in [6]).

1/3rd
Oct.
Band
(Hz)

6.3 8 10 12 15 20 25 31.5 40

Lith-
ology: Coeff.: - - - - - - - - -

Chalk J 2.50 -2.50 -0.60 3.00 2.50 -8.10 -7.30 -9.60 -21.40
Chalk K -0.14 -0.09 -0.11 -0.15 -0.16 -0.1 -0.19 -0.22 -0.06
Sand J -4.20 -9.30 -16.00 -11.00 -9.90 -8.70 -24.10 -26.40 -32.10
Sand K -0.02 0.02 0.03 -0.02 -0.06 -0.17 -0.02 0.00 0.00

Sand &
clay J -6.60 6.00 8.00 6.40 15.30 -14.10 -8.00 -48.80 -37.80

Sand &
clay K -0.14 -0.21 -0.25 -0.28 -0.42 -0.22 -0.26 0.00 -0.09

Clay J -9.53 -9.53 -9.53 -9.53 -9.53 -9.53 -28.60 -38.00 -37.50
Clay K -0.04 -0.04 -0.04 -0.04 -0.04 -0.04 0.00 0.00 0.00

50 63 80 100 125 160 200 250
-29.4 -26.6 -28.5 -32.1 -38.9 -40.3 - -
0.00 -0.02 0.00 0.00 0.00 0.00 0.00 0.00

-29.40 -34.20 -26.80 -22.30 -17.90 0.00 0.00 0.00
-0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00

-38.10 -42.80 -34.80 -31.60 -25.00 -29.60 0.00 0.00
-0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00

-25.40 -42.80 -34.80 -31.60 -25.00 -29.60 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Figure A.4: The HS2 propagation coefficients J & K for surface trains, Table A.4.
Attenuation in dB within one third octave bands.
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