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Predicting ground borne vibrations from rail vehicles —.

Development of measurement method using a controlled vibration source.
Hugo Hultén

Department of Architecture and Civil Engineering

Chalmers University of Technology

Abstract

Rail transport today plays a major role in sustainable transportation. But ground
vibrations from trains and trams create unsustainable environments that lead to
irritation and aledt people’s sleep. Several methods are currently used to predict
ground vibrations. These methods are used at di[erent stages of railway design.
Some are more accurate but costly, while others are simpler but less accurate.

In this thesis, a method for predicting ground vibrations from railways is developed.
The method consists of exciting the ground with a controlled source. The controlled
source used is a falling weight. The method is compared with measurements on
maximum weighted vibration level for both trains and trams and for di Lerknt ground
conditions. To verify the measurements, a numerical analysis is also performed.
Finally, a model is developed using the falling weight ground vibration measurements
to model a point source or a line source of finite length. Comparisons between falling
weight and rail vehicles show that the frequency spectrum di [ers and that the model
has little resemblance with the mean value of the ground vibrations.The decay with
distance of the maximum vibration level is shown to be similar to that of the rail
ground vibrations when using the point source model rather than modelling a finite
line source.

Keywords: Tram, Train, Ground vibration, Model, Controlled source, Falling weight,
Empirical method, COMSOL.
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Introduction

This section of the report describes the aim of the master thesis as well as giving
context to the aim by providing a background to the subject. Additionally this
section will include limitations to the study of what will be investigated.

1.1 Background

Urbanization and population growth increases the demand of transportation. Rail-
way transportation has been around for close to two centuries and is today an
important form of public transport. Today rail tra ¢ is used both to connect cities

by train and connecting the city neighborhoods by tram and subway. As of working
for a sustainable future there is a broad emphasis on continuing building out the
rail network [1]. Also the need for more sustainable transportation of goods will in-
crease the amount of freight trains. An environmental issue associated with means
of transportation in urban areas are vibrations. Ground-borne vibrations emitted
from train tra ¢ may cause annoyance to humans and might disturb sleep [2]. The
presence of ground vibrations from trains can also potentially increases annoyance
of airborne railway noise [3]. These ground vibrations are also a potential danger
of interfering with sensitive equipment. Therefore predicting ground vibrations in
urban areas is valuable. This is utilised when planning new railway lines and main-
taining/renewing existing ones, as well as during the planning of constructing new
buildings close to railways.

Today ground-borne vibrations are estimated with many di erent prediction models.
These tools are used in all stages of the planning process and vary in cost and pre-
cision. This leads to some methods being favoured depending on the circumstances.
Some methods are very time consuming while others are only useful if geotechnical
and geometrical conditions can be easily described. The base for ground vibration
measurements and the di erent methods are presented in ISO standard 14837-1 [4].

1.2 Aim

The aim of the thesis develop a method for predicting ground vibrations from rail
vehicles. The method will predict the vibrations using a controlled source. In this
thesis a falling weight will be used as the controlled source. A methodology for
creating and measuring vibrations from controlled sources will be presented. The
goal is to create an empirical model to predict ground vibrations from railway tra c.
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1. Introduction

To ach|eve the goal, the report will include and investigate the following points.
Measurements of ground vibrations from di erent rail vehicles on both bedrock
and soil on top of bedrock.

Measure ground vibrations from a controlled source under the same ground
conditions.

Comparison of maximum RMS acceleration levels and frequency spectrum of
vibrations from all sources.

Comparison of the attenuation of di erent sources through linear regression.
Develop a method for predicting rail vehicle ground vibrations using a con-
trolled source.

Creating a numerical model to compare di erent ground conditions.

1.3 Limitations

The thesis will only cover propagation of ground vibrations. It will not cover airborne
sound. The model will not compare input impedance and the foundation of the track
section. It will compare both the acceleration of the vibrations and the frequency
spectrum. Subways and underground railway will be excluded due to time and
availability constraints. The study will only cover the rangel Hz to 80 Hzreferring
to the perception of ground vibration [4] , it will not include ground borne noise.

1.4 Speci cation of the issue being investigated

The prorogation of vibrations in the ground will be measured with triaxial accelerom-
eters from both rail vehicles and a controlled source. A numerical solution will also
be constructed to investigate ground attenuation of di erent ground conditions. The
study will compare the decay of max rms levles of controlled sources and a specic
rail vehicle for a certain ground condition. The comparison will be done with log-
arithmic regression over distance from the source. The frequency spectrum will
also be compared and the end product an attempt to model the rail vehicle ground
vibration with the controlled source will be made.
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Theory

This chapter will include and explain ground vibrations, how rail vehicles generate
them and how di erent methods and models are used to predict them.

2.1 Ground vibration fundamentals

Vibration is at the simplest form a dynamic motion and refers to the oscillation
of a point on a body around the equilibrium [5]. Shock is a term that also de-
scribes this phenomenon but refers to the event of a much shorter time period.
Ground vibrations are seismic waves that includes the generation and propagation.
The generation of seismic waves in combination with the ground conditions emits
di erent kinds of propagation and in this section the main wave types of ground
vibration will be discussed. The term ground vibration is broadly accepted when
exclusively discussing man-made activities and disregards wave propagation from
natural sources such tectonic activity [6]. It is common when describing train in-
duced ground vibration to talk about the source, the propagation and the receiving
structure. In this thesis the main focus is the propagation.

2.1.1 Generation

Vibrations from rail vehicles are produced mostly the same way air borne sound
from rail vehicles are created. It starts with the train, the cars of the train and the
engine, exiting the track which then transmit the energy into the ground. Important
factors in this system are the wheels and axles. The vibrations are dependent on
the axial load, the con guration of the wheels on the train, and wheels connection
to the bogie and rest of the body [7]. The weight in the car body is transferred
to the rail thought the bogie and suspensions as see in gure 3.3 The velocity and
the acceleration of the train are also big contributing factors. When examining the
generation of ground vibrations it is of importance to recognise the large di erences
for similar conditions. This is caused by the stochastic nature of ground vibrations
from trains where small changes can lead to drastically di erent outcomes. The full
extent of of the generation process is still being researched but it is agreed that
there are two main components that drive the ground vibrations. The generation
can be classi ed into the categories, dynamic load and quasi static, also referred to
as moving load.



2. Theory

2.1.1.1 Dynamic loads

Rolling noise and ground vibrations have the same source mostly due to dynamic
loads. This occurs when irregularities on the wheel and track leads to displacements
that causes a periodic force. Irregularities on surface between the wheel and the
track can be referred to as roughness [8]. This displacement is a time dependent
deformation that aligns with the wheel frequency. The irregularities on the wheel are
caused by extensive breaking but things such as rail joints and switches on the track
also generate dynamic forces. The di erence from the generation of rolling noise and
ground vibration is that longer wavelengths of roughness are involved with ground
vibration [8]. The change in ground conditions and the change in stiens due to
passing of sleepers can create parametric excitation.

2.1.1.2 Quasi static load

Moving load or the "quasi-static excitation' mechanism occurs when the weight of the
train transmitted through the wheel causes a local de ection on the track[8]. This
vertical deformation persists along the track as the train runs along it. Moving loads
are only present in the near- eld for vehicle speeds of trains operated in commuting
tra c in relative low speeds. Nevertheless, buildings close to the track might still
be a ected, due to the relatively long wavelengths of these low frequency vibrations.
For example, for a standard wheelbase it is shown that the contribution from a
moving load is dominant up to25Hz at a vehicle speed 0100 kmeh [8].

2.1.1.3 Source

It is not easily determined where the source of the ground vibrations is located.
Except for the wheels and the rail, the track embankment can di er considerably.
Source contribution and the source mechanism that excite ground at di erent fre-
guencies is important when understanding and predicting ground vibrations. Wheel
passing over the rail joint have been studied as main contributor [9]. Here it is
shown that the frequency spectrum of the ground vibrations are heavily in uenced
by the axle passing frequency and its overtones. Other examples have investigated
how the sleepers could be the substantial factor. Due to the quasi-static de ection
at each sleeper generating ground vibration the vibration spectra is therefore highly
in uenced on the axial loading [10].

2.1.2 Propagation

2.1.2.1 Types of wave movement

Seismic waves can be classi ed into two di erent main type of waves, body waves
and surface waves. Body waves or volume waves are categorized into two type
of waves, primary/pressure waves (P-waves) and secondary/sheer waves (S-waves)
[5]. P-waves are a longitudinal waves that compresses the body parallel to the
propagation. S-waves are transversal waves that shear the body transversal to the
propagation. Body waves propagate in all directions[5].
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