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ABSTRACT 
The development in society means that infrastructure like ballasted railway systems are facing 

challenges due to request for increased number of high-speed trains and heavier freight trains. 

This implies that ballasted railways get an increased impact from larger dynamic loads. The 

question is how the ballasted railways are today affected by dynamic loading and how will an 

increase in train speed and weight change the soil behaviour within the railway embankment.  

A method of investigating dynamic soil behaviour is via geophysical measurements. 

Accelerometers are commonly used for vibration measurements and by installing them on trains 

are measurements possible to perform for complete railway sections. The knowledge of expected 

natural frequencies for various track components and soil layers are essential when considering 

frequency based analysis of vibration measurements. Thus, a frequency based analysis of 

accelerometer measurements from track recording coaches enables a possible method for 

analysing the impact of dynamic loads on underlying soil materials with means of a knowledge of 

expected natural frequencies for various track components and soil layers. 

Importance to study frequency content of ground motions became more relevant after the Mexico 

City earthquake 1985 i.e. studies on this specific earthquake revealed amplification of ground 

motions due to a long duration of shaking and resonance of soil deposits and furthermore causing 

damage to buildings whose natural period was the same as the period of ground motion. Thus, if 

we consider a railway with long train sets running along the railway line. Long durations of 

shaking of the ground can occur as well as a possible resonance of various soil layers leading to 

changes in material properties. An interesting finding regarding vibration measurements 

conducted on a track recording coach show that after Fast Fourier Transformation of the measured 

vibration data, a frequency spectrum analysis indicate possibilities to detect resonance of the 

ballast layer in the railway embankment. Therefore, this thesis focus on frequency based analysis 

of the ballast layer were indications of changes in shear modulus of ballast is seen with means of 

frequency spectrum and theoretical knowledge of the change in shear modulus in ballast material 

under cyclic loading and increased shear strain. 

 

The thesis consists of two main parts, first is the construction of the so-called frequency-based 

analysis method of track alignment measurements in a geodynamic perspective and the second 

part is application of the frequency-based method on a case study. Thus, the scientific 

contribution of this thesis is to increase knowledge of track alignment measurements in the 

geotechnical field and to provide a frequency based analysis method of track alignment 

measurements in a geodynamic perspective for evaluation of soil properties. For the actual case 

study two different railway sections in Sweden is chosen to enable a comparison, especially when 
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these sections differ with respect to one having only a ballast layer and subgrade and one having 

ballast, sub ballast and subgrade. Thus, the section with only ballast and subgrade enable a clearer 

analysis since these layers have large difference in natural frequency. First section is located at 

Tolikberget in the north part of Sweden and second one between Stenkumla and Dunsjö in south 

of Sweden. 

 

From the analysis of the selected sections it is possible to see indications from the frequency 

spectrum that the vibration measurements capture the natural frequencies of ballast material 

associated to the maximum shear modulus and to varying degrees of reduced shear modulus due 

to increased shear strain. Thus, it can be concluded that vibration measurements conducted on 

track recording coaches have potential to be used for studies of changes in ballast materials 

dynamic properties.      
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ABSTRAKT 
Samhällsutvecklingen påverkar även våran infrastruktur vilket medför nya utmaningar för 

ballasterade järnvägssystem p.g.a. att efterfrågan ökar på höghastighetsjärnväg och tyngre och 

längre godståg. Detta medför att ballasterade järnvägar får en ökad påverkan från dynamiska 

laster. Frågan är dock hur ballasterade järnvägarna är idag påverkade av dynamiska laster och 

även hur ökade hastigheter och tyngder på tåg kommer förändra beteendet hos jordar under 

järnvägsbanken.  

Geofysiska mätningar är lämpliga metoder för undersökning av dynamiska beteenden i jordar. 

Användandet av accelerometrar är vanligt förekommande vid mätning av markvibrationer och 

genom att installera dem på tåg möjliggörs mätningar för hela järnvägs avsnitt. Kunskapen om 

förväntade egenfrekvenser för olika komponenter inom ett järnvägssystem och jordlager är 

essentiella när man beaktar frekvensbaserad analys av markvibrationsmätningar. Därmed 

möjliggör frekvensbaserad analys av accelerometermätningar utförda på mättåg en metod för 

analys av jordmaterialegenskaper under påverkan av dynamiska laster med hjälp av kunskapen 

om förväntade egenfrekvenser för olika komponenter och jordlager.  

Betydelsen av att studera frekvensinnehållet hos markvibrationer blev mer relevant efter 

jordbävningen i Mexico City 1985, dvs. studier av denna specifika jordbävning avslöjade 

förstärkning av markvibrationer p.g.a. en långvarig markrörelse samt resonans av jordlager som 

dessutom orsakade skador på byggnader vars naturliga period var lika med perioden hos 

markvibrationen. Därmed om vi beaktar en järnväg med långa tåg som rullar längs järnvägsnätet 

kan långvariga markrörelser uppstå liksom en möjlig resonans hos olika jordlager som leder till 

förändringar i materialegenskaper. En intressant upptäckt beträffande vibrationsmätningar utförda 

på ett mättåg visar att efter utförd Fourier-transformation av erhållen vibrationsdata ges 

möjligheter att detektera resonans hos ballastskiktet i järnvägsbanken med hjälp av 

frekvensspektrum analys. Därav är denna avhandlingens fokus på frekvensbaserad analys av 

ballastskiktet då indikationer erhålls på förändringar i ballastens skjuvmodul med hjälp av 

frekvensspektrum och teoretisk kunskap om förändringen i skjuvmodul i ballastmaterial under 

cyklisk belastning och ökad skjuvtöjning.  

Avhandlingen består av två huvuddelar, den första är framtagandet av den så kallade 

frekvensbaserade analysmetoden för spårlägesmätningar i ett geodynamiskt perspektiv och den 

andra delen är tillämpningen av den frekvensbaserade metoden i en fallstudie. Således är det 

vetenskapliga bidraget med denna avhandling att öka kunskapen om spårlägesmätningar inom det 

geotekniska området och att tillhandahålla en frekvensbaserad analysmetod för 

spårlägesmätningar i ett geodynamiskt perspektiv för utvärdering av markens egenskaper. För den 
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aktuella fallstudien har två olika järnvägssektioner i Sverige valts ut för att möjliggöra en 

jämförelse, särskilt när dessa sektioner skiljer sig åt med en som endast har ett ballastskikt och 

undergrund och en som har ballast, underballast och undergrund. Således möjliggör sektionen 

med endast ballast och undergrund en tydligare analys eftersom dessa skikt har stor skillnad i 

egenfrekvens. Första sektionen ligger vid Tolikberget i norra Sverige och den andra mellan 

Stenkumla och Dunsjö i södra Sverige. 

Från analysen av de valda sektionerna är det möjligt att se indikationer från frekvensspektrumen 

att vibrationsmätningarna fångar upp egenfrekvenserna för ballastmaterial associerad med den 

maximala skjuvmodulen och till varierande grader av reducerad skjuvmodul på grund av ökad 

skjuvtöjning. Därmed kan man dra slutsatsen att vibrationsmätningar som utförs på mättåg har 

potential att användas för studier av förändringar i dynamiska egenskaper för ballastmaterial.  
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1 INTRODUCTION 

1.1 OUTLOOK 
 

Earthquakes generates wave propagation into the subsoil (Figure.1) and cause ground borne 

vibrations, which can cause damage to structures. However, during an earthquake some structures 

are damaged while others are not. Hence, earthquake-engineering studies concluded that damaged 

structures had been affected by resonance during the earthquake due to having same natural 

frequency as the subsoil in resonance underneath the structures. (Kramer, 1996)  

During the earthquake in Mexico City September 19, 1985 it became clear that resonance was 

transferred through subsoil into structures due to same natural frequency of propagating wave 

from the earthquake, subsurface layer and some structures. Resulting with damaged structures, 

thus a connection became visible between propagating wave, subsurface layer and structures 

having same natural frequency leading to resonance phenomenon. (Kramer, 1996)        

 

Figure 1. Path of wave propagation during earthquake. (Ichimura, et al., 2015) 

 

Measurements of earthquake magnitude in both structures and subsoil are possible to conduct 

with means of accelerometers. These measurements can display in a time domain the magnitudes 

of gravitational accelerations i.e. how strong the vibrations are caused by the earthquake 

(Figure.2). However, by transforming vibration measurements conducted with means of 

accelerometers into a frequency domain it is possible to identify resonance frequencies (Figure.2). 

Thus, within earthquake engineering the knowledge of subsoil and structure natural frequency is a 

central point, which assist to explain why some structures are damaged during an earthquake and 

others not. (Kramer, 1996) (Ichimura, et al., 2015)  
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Figure 2. Time domain signal and frequency spectrum of an earthquake recording. (Lombardi, 2014) 

 

Natural frequency of structures and subsoils are possible to calculate analytically (Towhata, 2008) 

(Kramer, 1996), however, with means of vibration measurements it is possible to identify the 

natural frequencies by detecting resonance peaks in the frequency domain. Resulting in that 

vibration measurements conducted with means of accelerometers in a structure or subsoil enables 

to detect and identify resonance frequencies (Kramer, 1996). Hence, it is a useful tool for studies 

of geodynamic behaviour i.e. how subsoils are affected by ground borne vibrations or how 

dynamic properties of subsoils are changed. 

Railway track condition is monitored with means of track recording coaches (Figure.3). For track 

alignment measurements vibration measurements are used i.e. accelerometers are installed within 

the wheel axle boxes (Figure.4) (Angerhn, 2015) (Jens Nielsen, 2013) (Trafikverket, Koll på 

spåret i 200 km/tim, 2018). However, further studies are not conducted of possibilities to use 

these vibration measurements in a geotechnical perspective. Hence, with the knowledge of the use 

of accelerometer measurements in earthquake engineering an interest arose to study vibration 

measurements conducted with means of accelerometers on track recording coaches. 
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Figure 3. Track recording coach IMV 200. (Trafikverket, Koll på spåret i 200 km/tim, 2018) 

 

Figure 4. Accelerometer installation within wheel axle box. (Angerhn, 2015) 

 The purpose of the study is to see if the measurements are possible to use in detecting changes in 

ballast and subsoil properties. Therefore, the study include identification of subsoil natural 

frequencies and interpretation of the frequency domains related to the vibration measurements. 

The interpretation of frequency domains involve identification of resonance peaks and to which 

material layer they are related and possible changes in dynamic material properties. Shear 

modulus of a soil material is one material property that is possible to connect to a materials 

natural frequency (Towhata, 2008). When the track recording coach is running along the railway, 

it generates dynamic loading into subsoils which causes a change in shear modulus e.g. in the 

ballast material (Auersch, 2005) (Kramer, 1996) (Trafikverket, TK Geo 11 Trafikverkets tekniska 

krav för geokonstruktioner, 2011). With running vibration measurement techniques such as those 

on moving track recording coaches, changes in shear modulus should be able to detect according 

to assumptions taken in the study, known soil dynamic theory and the relationship between 

natural frequency and shear modulus. Thus, this approach is in focus as one possible way for 

interpretation of vibration measurement conducted on the track recording coaches in a 

geotechnical perspective.  

Measured vibrations contain a frequency content in the time domain as well i.e. the measured 

vibration is compound of signals with separate frequencies. Thus, by filtering for a specific 
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selected frequency it is possible to obtain a time domain signal that display how the amplitude of 

the signal changes for a specific frequency. Providing information of areas along the railway track 

where e.g. the subsoil experience larger vibrations due to train traffic. Hence, this is another 

possible way for interpretation in a geotechnical perspective of measured vibrations performed on 

the track recording coach. However, this thesis contain a pre-study of this approach and therefore 

a continuation is to be performed in greater extent in future studies.         
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1.2 BACKGROUND 
Periodic measurements of railway track condition are conducted to provide a basis for the 

maintenance of the railway, and to ensure the safety of the facility (Trafikverket, Koll på spåret i 

200 km/tim, 2018). 

Track geometry measurements are in many countries performed with means of track recording 

coaches (Figure.5), which uses vibration measurements and laser scanning in order to obtain 

information of the track geometry (Gripner, 2012). These measurements are conducted regularly 

and the travelling speed of a track recording coach can be up to 200km/h (Jens Nielsen, 2013).  

 

 

Figure 5. Track recording coach, Infra Nord IMV 200. (Trafikverket, Koll på spåret i 200 km/tim, 2018)  

 

The use of track recording coach measurements are mainly for monitoring the railway track 

condition, so that the condition of superstructures and rails are maintained with as little 

maintenance work as possible. (Angerhn, 2015) This is due to a challenge by having more 

infrastructural problems than there are funds available to maintain the railway network. (Gripner, 

2012)   

In Sweden the track recording coaches measure four specific parameters (Gripner, 2012): 

- Rail profile, which measures equivalent conicity, height and side. These are measured 

every 3m along the rail.   

- Track location data, which measures cant, gauge, height and- side position, shear, Q-

value etc. These are measured every 25cm along the rail.  
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- Rippels and waves (corrugation), these are measured every 25cm, but are only presented 

every 10m. 

- Ballast profile 

- Overhead lines, which can be measured dynamically or statically. This is measured either 

every 2cm or 10cm along the rail. 

 

By using a specific software in these track recording coaches, the so called “Optram” software, 

there is a possibility to view multiple measurements simultaneously and combine different 

measurement parameters (Figure.6). In addition, analysis of the measurement data can be 

performed. Where one can analyse measurement data historically against other dependencies, as 

speed, against facility parts, for performing predictions based on historical data and as a control 

against limits. 

 

 

Figure 6. View over Optram software data base window. (Barthelemy, 2020)  

 

Correlations between different parameters can as well be analysed by using Optram. One example 

can be “Does the quality number Q for the track location decrease faster in curves than in the 

straight lines?” (Gripner, 2012)  

Ripples are detected by these measurements, since the train accelerations are greater in the curves 

compared to straight lines along a railway, as well as the train accelerations are larger at the inner 
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rail in the curves. The development of ripples are therefore only associated with the inner rails in 

curves.   

In addition, corrugations, rail cracks and track irregularities on the rails can be detected by 

analysing the results of measured vertical accelerations. 

From the monitoring of railway condition by these measurements, the changes in substructures or 

sleepers can be detected, in other words the vertical displacements. (Angerhn, 2015) 

 

Vibration measurements conducted on these track recording coaches are signals of accelerations 

in a time domain (Figure.7), which with means of Fast Fourier Transformation into a frequency 

domain (Figure.8) enables frequency based analysis. The measurement data of interest is the 

vertical acceleration, since this will give the needed information for evaluation of ground 

response. In the frequency domain, the obtained signal is divided in to different frequency ranges, 

since different response is connected to specific frequency range. (Angerhn, 2015) 

 

Figure 7. Time domain vibration signal. 

The measured and received vibrations are reflected ground borne vibrations generated by the 

track recording coach. Thus, the track recording coach works as an actuator and receiver of 

ground borne vibrations. Ground borne vibrations are generated by dynamic loads which induces 

energy into the soil and cause wave propagation in the ground (Chouw, 1991) (Hall, 2003). 

By investigations of the previously conducted research in the field of train induced ground 

vibrations the focus is mainly on prediction models of ground vibrations in the vicinity of the 

railway having the prediction of wave velocity as the central subject as well as displacements due 
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to soil/structure response (Kouroussis, 2010) (Picoux, 2003). Thus, measurements of vibrations 

on moving trains together with an analysis method focusing on the frequency content where soil 

layer natural frequencies have a central role, more knowledge can be obtained about how the 

effect of dynamic loads from trains are. 

 

Figure 8. Frequency domain of vibration signal. 

 

For a long time within railway infrastructure management there has been a demand for an 

economical and non-destructive inspection method of continuous track condition related to the 

superstructure and specifically to the ballast and sub ballast layer (Hugenschmidt, 2000).  

Frequency based analysis is founded on the known relationship between a soil layers natural 

frequency and dynamic properties as well as layer thickness (Towhata, 2008). Vibration 

measurements with means of accelerometers on a track recording coach capture the ground 

motions continuously along a railway line, were resonance of soil layers are possible to detect in a 

frequency spectrum (Majala, 2017). Therefore, while the track recording coach runs along the 

railway line a change of the ballast materials shear modulus is possible to detect, by an increase in 

shear strain due to continuous cyclic loading, which generate a change in frequency content of the 

reflected waves. Thus, a time span of measurement data that captures sufficient amount of data 

for a given length of railway section. Provides frequency spectrums were a change of ballast 

materials shear modulus is possible to detect with means of different resonance peaks, which are 

possible to relate to various captured reflected waves from the ballast layer due to cyclic loading 

and an increase in shear strain.  
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1.3 AIM, RESEARCH QUESTION AND OBJECTIVES 

Research aim: 
This research aims to evaluate to what extent interpretation of track alignment measurements 

conducted with means of track recording coaches can be used in a geotechnical perspective. 

Hence, it also aims to contribute track condition assessment based on track alignment 

measurements with knowledge about dynamic impact on ballast and sub soil material. 

Research question: 
The research question regarding this research is how frequency content of vibration measurements 

conducted on track recording coaches enable assessment of changes in dynamic properties of 

ballast material.  

Research objectives: 
The objectives that enable to reach the research aim is as follows:  

1. Define the state of the art of track recording coach vibration measurement application. 

2. Create a method to enable identification of frequency response related to ballast and sub 

soil material i.e. identification of resonance frequencies. 

3. Use the method of resonance frequency identification for geotechnical studies e.g. 

assessment of layer thickness variation along railways.  

4. Create a method for geodynamical studies e.g. assessment of changes in ballast and sub 

soil dynamic properties due to cyclic loading from train traffic. 

  
 
1.4 RESEARCH LIMITATION 
The basis of this research is geotechnical interpretation of track alignment measurements i.e. 

vibration measurements conducted on track recording coaches. Thus, this research is based on 

both soil dynamic theory and best practice of dynamic measurements regarding ground motions 

and the relationship between these two parts. Hence, geotechnical interpretation of these vibration 

measurements solely consider acquired ground motions within materials in and underneath the 

railway embankment i.e. ballast and subsoil.        

1.5 STRUCTURE OF THE THESIS 
 Following chapters are included in this thesis: 

Chapter 1 – Introduction: Includes an outlook and background regarding the research subject 

focusing on interpretation of track alignment measurement in a geotechnical perspective. Where 

the analogy between interpretation of earthquake ground motion measurements and track 

alignment measurement for geotechnical studies are described. However, today’s overall use of 
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track alignment measurements is also described. Thus, the state of the art is presented. Included is 

as well the research aim, research question and objectives.  

Chapter 2 – Soil dynamic theory: A general description of geotechnical and geophysical 

measurement and soil investigation techniques are presented to give a picture of available 

techniques. Theory of geodynamics is described and especially that related to ground motions 

within railway embankments. A specific part of the geodynamic theory consider the importance 

of natural frequency, which is the key to interpretation of track alignment measurements in a 

geotechnical perspective.  

Chapter 3 – Signal processing technique: Presents the measurement technique of ground motions 

used on track recording coaches and the measurement device i.e. accelerometers construction. 

Description of the data transformation technique is presented as well, where it is described how 

time domain data is transformed to a frequency domain. 

Chapter 4 – Method: Describes how acquired ground motions on track recording coaches and 

geodynamic theory can be interlinked to the so-called frequency based analysis method that can 

be applied for assessment of changes in ballast materials dynamic properties.  

Chapter 5 – Application of method: Present how the frequency based analysis method is applied 

on case studies i.e. on railway sections with knowledge of ground conditions and associated 

acquired ground motion data from track recording coaches. 

Chapter 6 – Result and Discussion: Results of the analysis regarding the case studies is presented 

and followed by a discussion about the applied method.   

Chapter 7 – Concluding remarks and future work: Conclusions of obtained results and usability 

of the applied method is presented. Ideas and plans of future work regarding an additional 

approach for frequency based analysis is also presented.   

Chapter 8 – Appendix: Describes in detail the work process for interpretation of acquired 

vibration data from track recording coaches. However, the tried and tested approaches focusing 

on frequency based analysis regarding interpretation of acquired vibration data are presented as 

well.  
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2 SOIL DYNAMIC THEORY 

2.1 GEOTECHNICAL AND GEOPHYSICAL BACKGROUND 
 

In the geotechnical field, studies of soil stratigraphy and soil properties are generally conducted 

with means of field investigations and laboratory work. Borehole drilling (Figure.9) or excavation 

of trenches are common techniques for soil stratigraphy studies. (Statens Geotekniska Institut, 

2020)  

 

 

Figure 9. Field investigation of soil with means of drill rig machine.  

 

However, these studies provide only point information along a section. Hence, it leaves a lack of 

information between investigation points regarding the soil stratigraphy. Thus, it creates an 

interest of methods that can complement these point investigations to obtain a more 

comprehensive picture. Assessment of soil properties are possible to conduct with means of e.g. 

vane tests (Figure.10) in field to determine shear strength or by triaxial apparatus (Figure.11) to 

determine shear modulus and shear strength (Statens Geotekniska Institut, 2020) (Trafikverket, 

TK Geo 11 Trafikverkets tekniska krav för geokonstruktioner, 2011). However, the purpose of 

this chapter is to show and describe different geophysical methods that are useful for determining 

soil layer sequences. This offers the reader an idea of the possible methods already used for this 

purpose.  
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Figure 10. Vane test apparatus. (Thelander, 2011) 

 

 
Figure 11. Triaxial apparatus.  

 

Geophysical methods are useful for assessment of soil stratigraphy (Sveriges Geologiska 

Undersökning, 2020). Ground-penetrating radar (GPR), direct current (DC) Resistivity and 

Seismic refraction are common geophysical methods to determine soil layer thicknesses and depth 

to bedrock (Schrott & Sass, 2008). GPR is a method based on probing the ground with means of 

radio waves, which are transmitted and received in a fixed geometry that is moved over the 

surface to detect reflections from the ground (Figure.12)(Figure.13) (Jol, 2009).  
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Figure 12. Radargram acquisition and example of a radargram. (Dong & Ansari, 2011)  

 

Figure 13. Transmitted and received radio waves from GPR probing of ground surface. (Jol, 2009) 

GPR measurements are most useful in low-electrical-loss materials. However, low-electrical-loss 

conditions are not usual. Areas with saline groundwater or clay rich environment can create 

conditions with very limited GPR signal penetration.  For interpretation of GPR response, the 

understanding of mixtures physical properties is a key factor. Earth materials are mixtures as they 

are composed of many materials or components. Water and ice on the other hand belong to the 

few cases of materials consisting of a single component. Despite the complexity of mixtures, the 

big picture of GPR measurements is simpler. The presence or absence of water in materials 

dominate the behaviour of measurements in 10-1000 MHz frequency range. As an example of 

GPR measurement, a scanning over two road tunnels show the boundaries of ground surface and 

tunnel roofs (Figure.14). (Jol, 2009)  
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Figure 14. GPR measurement over two road tunnels. (Jol, 2009)  

 

Direct current (DC) resistivity measurements methods are based on an injection of steady state 

electrical current into the ground and observations at the surface of the resulting distribution of 

potentials (voltages) (Figure.15). By examine how the currents flow in the earth it is possible to 

obtain information regarding the subsurface distribution of electrical conductivity. A pair of 

electrodes that inject a known current into the ground are used as the energy source. The current 

flow lines are bent due to the variations in electrical conductivity of the subsurface, thus the earth 

or subsurface affect the injected energy into the ground. Hence, the acquired data from DC 

resistivity measurements include measurements of voltages at the ground surface and with means 

of this data, information is obtained over how charges become distributed at boundaries where 

electrical conductivity changes. (Jones, 2007)  
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Figure 15. Principal visualization of direct current (DC) resistivity measurements. (Jones, 2007)  

 

By varying the placement of transmitting electrodes at the ground surface, several voltages are 

measured at different locations. Thus, a complete set of data include measured voltages of known 

currents and electrode geometries. With means of conversion of data into a form with units of 

resistivity, it is possible to create maps or graphs for assessment and interpretation. This is a 

common type of input for DC resistivity inversion, which enable production of 1D, 2D or 3D 

models of conductivity distribution in the subsurface (Figure.16). (Jones, 2007)  

 

Figure 16. 2D model of DC resistivity measurements. (Gonzales Amaya, Dahlin, Barmen, & Rosberg, 2016)  

 

Seismic refraction is a method based on measuring the time of a “first break” i.e. the time of a 

first movement for a given geophone in response to a seismic energy source. This technique is 

used for depth to bedrock measurements, subsurface and groundwater investigations. Velocity of 

a subsurface is calculated by knowing the relative distance to the source and geophones and time 

between seismic energy source and geophone response. With good density contrasts between 

geological materials, the refraction technique can provide detailed information of the distribution 

and thicknesses of subsurface layers and with characteristic seismic velocities. Practical field 

operations regarding seismic refraction measurements involve laying of seismic cable containing 

several geophone detectors on the cables take out points. By executing a pattern of shot points 
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within and in the ends of the seismic cable and recording with each geophone the seismic wave 

arrivals with means of a seismograph, the seismic refraction measurement is performed 

(Figure.17). (Lerssi, 2021)  

 

 
Figure 17. Survey method of seismic refraction and refracted waves. (Mohd Ashraf Mohamad Ismail et al, 2018)  
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2.2 GEODYNAMICS 
Description of dynamic response of soil is possible to do with means of vibratory motion. 

Harmonic motion of a spring and mass system i.e. single-degree-of-freedom model is a useful 

model for description of dynamic response. A single-degree-of-freedom model can be modelled 

in various ways, such as free vibrating with and without damping and forced vibration with and 

without damping. A single-degree-of-freedom model of forced vibration consist of a spring, 

dashpot and a mass together with a force acting on the system, so-called Voigt model (Figure.18). 

(Towhata, 2008). 

 

Figure 18. Voigt model. (Towhata, 2008)  

Considering a free vibrating system of a single-degree-of-freedom model for soils the damping 

and force acting on the system is not considered. Thus, resonance of soil is easier to describe 

mathematically, which implies that a systems natural frequency is dependent on the spring 

stiffness and mass. Therefore, when a free vibrating system vibrates with the frequency of its 

natural frequency it will oscillate infinitely i.e. it is set into resonance.  

 

Figure 19. Elementary single-degree-of-freedom model. (Towhata, 2008)  

An elementary single-degree-of-freedom model suitable to describe resonance phenomenon of 

soil is a system of forced vibration without damping (Figure.19). (Towhata, 2008)  

As seen in Figure.19 the mass m is attached to a linear elastic spring k and by applying a 

oscillatory force F(t) a displacement u is obtained. With an oscillatory force consisting of a 

sinusoidal function of time the mass oscillates by a sinusoidal function with a period T equal to 

2π/ω.  Where ω is the circular frequency describing the oscillation in radians per second. With 

means of describing oscillation in frequency f that is the number of cycles per second i.e. 1/T 

[1 𝑠𝑠⁄ = 𝐻𝐻𝐻𝐻], hence, the circular frequency ω is as well equal to 2πf. If the oscillatory frequency of 

the force acting on the system becomes equal to the natural circular frequency of the spring-mass 
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system, ω𝑛𝑛 = �𝑘𝑘 𝑚𝑚⁄  , an infinite amplification of the motion will occur i.e. the spring-mass 

system is set into infinite resonance (Figure.20). 

 

Figure 20. Response curve of a single-degree-of-freedom model at resonance witout damping. (Towhata, 2008)  

In reality soil have damping, thus a single-degree-of-freedom model of forced vibration with 

damping is more realistic model, so-called Voigt model (Figure.18) (Towhata, 2008). This means 

that the response amplitude during resonance of the system is limited and will not go to infinity 

(Figure.21) (Nordal, 2019).   

  

Figure 21. Response curve of singel-degree-of-freedom model with and without damping. (Nordal, 2019)  

Thus, resonance peaks in a frequency spectrum of a measured vibratory motion have a limited 

magnitude (Figure.22). 
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Figure 22. Frequency spectrum of vibratory motion. 

The frequency-based analysis of measured vibrations have one challenge when it comes to the 

analysis part, which is in the case of a railway embankment that all components have different 

natural frequencies. Thus, the natural frequency of each component in a railway embankment 

must be known before analysis.  In addition, train speed dependent frequency such as crosstie 

spacing vs. train speed is important to consider as well. Therefore, with knowledge of different 

components natural frequencies, it is possible to assess what the vibration source is for a specific 

resonance peak in the frequency spectrum. (Angerhn, 2015) 

Flexible railway track systems are composed of ballast material, subsoils and track components. 

In detail the flexible railway track system consists of rails, crossties(sleepers), ballast, subballast, 

formation layer and base, where the base and formation layer belongs to the subgrade (Figure.23) 

(Profillidis, 2007).  

 

Figure 23. Flexible railway system. (Profillidis, 2007)  
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Cyclic and dynamic loading on a ground surface generates wave propagation into the ground. The 

distribution of waves propagating into the ground and geometrical damping in an elastic halfspace 

during cyclic loading is necessary to keep in mind. Three main types of waves are important to 

consider, were two are body waves called P and S waves i.e. P is a compression wave and S is a 

shear wave. Third wave type is Rayleigh wave, which is a surface wave meaning that it travels 

only along the ground surface. With a cyclic point load on the ground surface the geometrical 

damping causes a decay of the wave amplitude proportional to the distance from the source of 

point load (Figure.24). (Towhata, 2008)    

 

 

Figure 24. Distribution of body waves and surface wave in elastic halfspace. (Towhata, 2008)  

As body waves propagate into a layered ground during cyclic loading, a refraction and reflection 

of the waves occur in the interfaces between two layers (Figure.25) (Towhata, 2008) . Thus, 

measured vibrations on a ground surface caused by a cyclic surface load are reflected waves.     

  

Figure 25. Refraction and Reflection of S wave in the interface between two layers. (Towhata, 2008)  

Body waves have differences regarding particle motions. For a P wave that is a compression wave 

the particle motion is in the same direction as wave propagation. S wave that is a shear wave have 

a particle motion perpendicular to the direction of wave propagation (Kramer, 1996). Thus, S 
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waves are more important to consider since it causes a shearing of the material. Therefore, shear 

modulus is an important parameter to consider in geodynamics. With increasing shear strain on 

soil material a reduction of shear modulus occurs (Figure.26) (Towhata, 2008). In addition, shear 

modulus ratio vs. shear strain curves of soil material indicates that a soil material has an initial 

maximum shear modulus G0 and a shear modulus G that is proportional to G0 with increasing 

shear strain (Figure.26). Thus, by knowing the initial maximum shear modulus of a material it is 

possible to derive the value of a known soil materials shear modulus after a specific amount of 

shear strain.  

Through differential equations for shear waves in elastic media it is found that there is a 

relationship between shear wave velocity and shear modulus (Nordal, 2019). As well as there is a 

relationship between natural frequency of a soil material and shear wave velocity, hence also the 

shear modulus (Angerhn, 2015). Therefore, a combination of different parts in geodynamics is of 

use in understanding and analysis of measured ground borne vibrations.          

 

 

Figure 26. G/G0 vs. shear strain for various soil types. (Towhata, 2008)  

 

Ground borne vibrations acquired at the surface in a time domain shows the magnitude and period 

of reflected waves. However, an unfiltered time domain signal contain much noise i.e. a variety of 

vibration signals that are acquired, thus it is difficult to distinguish the magnitude and period of an 

individual vibration with a certain frequency. With means of a band-pass filter, a vibration signal 

with a specific frequency can be obtained in the time domain. Hence, it is theoretically possible to 

detect dynamic impact on e.g. a subsoil layer underneath the railway embankment in terms of 

magnitude of resonance (Figure.27) provided that the parameters of the soil layer are known, e.g. 

its thickness. Therefore, an application of this particular theory require detailed information of a 
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soil layer for a qualitative assessment. Thus, an application of this latter mentioned method is not 

included in this thesis.  

 

Figure 27. Filtered time domain signal showing magnitude of subsoil vibration along a railway section.  
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2.3 NATURAL FREQUENCIES OF RAILWAY TRACK SYSTEM 
 

All materials have a natural frequency, thus also components related to the railway. The 

importance of knowing a components natural frequency is based on that when the component is 

subjected to a vibration of same frequency it is excited to resonance vibration. Thus, it is 

important to know various components natural frequencies, so such a phenomena as resonance 

vibration could be avoided. If a resonance vibration situation occur within a component without 

damping the amplitude of such a vibration will be infinite and consequently these incidents should 

also be avoided. (Angerhn, 2015) 

However, resonance is impossible to avoid completely on a railway track with running trains. 

Thus, it become useful to analyse vibration data with the knowledge of various components 

natural frequencies. 

 

2.3.1 Frequencies with speed dependence 

 

Frequencies with a dependency on the track recording coach traveling speed, crosstie distance, 

track bumps and rail ripples are important to know. Crosstie base frequencies occur due to the 

train travelling over crossties with a specific speed i.e. the frequency changes either by varying 

the train speed or by a varying crosstie distance. If the rail segments are not continuous the track 

includes so called track bumps due to gaps between rail segments, this implies that these track 

bump base frequencies are also train speed dependent. The equation for calculation of crosstie 

base frequency and track bump base frequency is the same, but with a difference. For calculation 

of crosstie base frequency, the variables are the speed of the train and the crosstie distance. 

Variables for calculation of track bump base frequency are the train speed and the distance 

between the train bogies. The equation for calculation of these frequencies is as follows: 

 

𝑓𝑓 =  1𝑣𝑣
3.6𝑙𝑙

 [1 𝑠𝑠⁄ = 𝐻𝐻𝐻𝐻]  (1) 

Where: 

 v, is the speed of the train [m/s] 

l, is the distance between crossties or the bogies [m] 



Interpretation of railway track alignment measurements in a geodynamic perspective  

   
24 
 

 

Ripples are small irregularities at the rail surface, the vibrations caused by these ripples are 

dependent of the trains speed but also of the ripples wavelength.  Five forms of ripples are 

common and these are Heavy Haul, Light Rail, Boosted Crosstie-Ripples, Roaring Rail, and 

Rutting-Ripples.  

Heavy Haul Ripples occurs at low constant speeds (30 km/h) by trains with high loads (up to 40 

ton) and have a frequency around 30 Hz. Trains of lighter model (47 kg/m – 54 kg/m) cause Light 

Rail Ripples and these generates frequencies between 30-50Hz. Railway sections with sharp 

curves (radius <400m) and crossties which are founded on very soft sublayers and gravel-free 

track may cause Booted Crosstie Ripples with a frequency between 250 – 350 Hz. On high speed 

railways occurs  Roaring Rail Ripples and the frequency of  these ripples are 750 Hz. Very 

common ripples on railways are so called Rutting Ripples with a frequency range of 250 – 400 

Hz. (Angerhn, 2015)  

 

2.3.2 Natural frequency of crossties 

 

Crossties are considered as undamped components, which implies that the equation of a crossties 

natural frequency is as follows: 

 𝑓𝑓 =  1
2𝜋𝜋
� 𝐸𝐸𝐸𝐸
𝑚𝑚𝐿𝐿4

 [1 𝑠𝑠⁄ = 𝐻𝐻𝐻𝐻]   (2) 

Where: 

E: Young´s Modulus [N/mm2] 

m: Mass [kg/m] 

L: Length of crosstie [mm] 

 

In a railway track superstructure, wooden or concrete crossties are used. However, by calculations 

it is found that the natural frequency between these two types of crossties does not differ much. 

Thus, the natural frequency of a crosstie is expected to be 4 Hz. (Angerhn, 2015)   
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2.3.3 Natural frequency of the track grid 

 

The track grid i.e. crossties and rails as a unit is found to have a natural frequency between 60 and 

90 Hz. (Angerhn, 2015)  

 

2.3.4 Natural frequency of the superstructure 

 

Superstructures of a railway embankment have a variation in composition regarding type of 

crossties and rails, thus he natural frequency of a superstructure varies. Crossties made of concrete 

or wood with the same rail type have a natural frequency of 44 Hz and 49 Hz respectively. A 

superstructure made of a fixed track have a natural frequency of 78 Hz. (Angerhn, 2015)  

 

2.3.5 Natural frequency of a train 

 

 A trains natural frequency is dependent on whether the train have a suspension or not. A 

passenger train with double suspension system have an expected natural frequency between 1 and 

2 Hz. If the bogies on a train are undamped i.e. do not have any suspension, the expected natural 

frequency of a train is between 5 and 10 Hz. (Angerhn, 2015)   

 

2.3.6 Pinned-Pinned frequency 

 

The rail will deflect when the wheels of the train pass in between crossties. Thus, the wheel load 

cause a bending wave, which is the length of the deflection. A resonance vibration occurs when 

the bending wavelength is equal to the double crosstie distance and the resonance frequency is 

about 1000 Hz. This resonance vibration is called Pinned-Pinned frequency and can be obtained 

by the following equation: (Angerhn, 2015)  

𝑓𝑓 = 𝜔𝜔
2𝜋𝜋

= 1
2𝜋𝜋
𝜋𝜋2� 𝐸𝐸𝐸𝐸

𝑚𝑚𝐿𝐿4
[1 𝑠𝑠⁄ = 𝐻𝐻𝐻𝐻]  (3) 

Where: 

EI: Flexibility [MNm2] 
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m: Mass [kg/m] 

L: Distance between crossties [m] 

 

2.3.7 Natural frequency of subsoil 

 

Natural frequency calculation regarding subsoils consider a horizontal layered ground. Factors 

affecting a subsoils natural frequency is the shear wave velocity and layer thickness or shear 

modulus, soil density and layer thickness. Subsoil natural frequency is possible to obtain with 

following equation: 

𝑓𝑓0 = 𝑣𝑣𝑠𝑠
4𝐻𝐻

=
�𝐺𝐺 𝜌𝜌�

4𝐻𝐻
[1 𝑠𝑠⁄ = 𝐻𝐻𝐻𝐻]   (4)   

Where: 

𝑣𝑣𝑠𝑠 = 𝑆𝑆ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑒𝑒𝑣𝑣𝑒𝑒 𝑣𝑣𝑒𝑒𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 [𝑚𝑚 𝑠𝑠⁄ ] 

𝜌𝜌 = 𝑆𝑆𝑣𝑣𝑣𝑣𝑣𝑣 𝑑𝑑𝑒𝑒𝑑𝑑𝑠𝑠𝑣𝑣𝑣𝑣𝑣𝑣 [𝑘𝑘𝑘𝑘 𝑚𝑚3⁄ ]       

𝐺𝐺 = Shear modulus of soil [𝑘𝑘𝑘𝑘 𝑚𝑚2⁄ ]      

𝐻𝐻 = 𝐿𝐿𝑒𝑒𝑣𝑣𝑒𝑒𝑒𝑒 𝑣𝑣ℎ𝑣𝑣𝑣𝑣𝑘𝑘𝑑𝑑𝑒𝑒𝑠𝑠𝑠𝑠 [𝑚𝑚] 

 

Subsoil natural frequency for various soil materials is possible to estimate with means of an 

empirical method using a chart (Figure.28). (Angerhn, 2015)  

 

Figure 28. Natural frequency of subsoils with varying layer thickness. (Lichtberger, 2005) 
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2.4 SHEAR WAVE VELOCITIES OF GRAVEL 
 

Shear wave velocity of a soil material is an important factor regarding a subsoils natural 

frequency. With a decreasing stiffness for a soil material follows a decrease in shear wave 

velocity. (Angerhn, 2015) 

According to (Richart & Woods, 1970), a sand materials shear wave velocity is affected by the 

confining pressure and void ratio. Thus, the shear wave velocity will decrease with a decreasing 

confining pressure and increasing void ratio. Consequently, the shear modulus decreases with 

decreasing confining pressure and increasing void ratio due to following relationship between 

shear modulus and shear wave velocity: 

𝐺𝐺 =  𝜌𝜌𝑣𝑣𝑠𝑠2 [𝑘𝑘𝑘𝑘 𝑚𝑚2⁄ ]  (5) 

Where: 

𝐺𝐺 = Shear modulus of soil [𝑘𝑘𝑘𝑘 𝑚𝑚2⁄ ] 

𝜌𝜌 = 𝑆𝑆𝑣𝑣𝑣𝑣𝑣𝑣 𝑑𝑑𝑒𝑒𝑑𝑑𝑠𝑠𝑣𝑣𝑣𝑣𝑣𝑣 [𝑘𝑘𝑘𝑘 𝑚𝑚3⁄ ] 

𝑣𝑣𝑠𝑠 = 𝑆𝑆ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑒𝑒𝑣𝑣𝑒𝑒 𝑣𝑣𝑒𝑒𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 [𝑚𝑚 𝑠𝑠⁄ ] 

 

Cohesionless soils degree of saturation have a minor effect on the shear wave velocity. The minor 

differences between the saturated and dry cohesionless soils shear wave velocity is due to the unit 

weight of water. Thus, the unit weight and the average effective confining pressure of a 

cohesionless soil is sufficient to take into account when evaluating the shear modulus (G) and 

shear wave velocity (𝑣𝑣𝑠𝑠). (Richart & Woods, 1970) 
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2.5 SOIL PROPERTIES OF BALLAST MATERIAL 
 

Dynamic loading on a railway embankment caused by train traffic lead to consequences on the 

ballast and subsoil material properties. Soil properties such as shear modulus and shear wave 

velocities are dynamic properties affecting the natural frequency of the soil. A softer material 

have lower value of shear modulus and shear wave velocity, which result in a lower value of the 

natural frequency. Thus, soft soils as silt and clay have lower natural frequency compared to 

coarse grained soils that have higher value of shear modulus and shear wave velocity, hence they 

have higher natural frequencies. However, dynamic loading cause deterioration of coarse grained 

soils, hence, fine grained material forms in between the larger particles (Figure.29), which causes 

a reduction of the soil materials shear strength, shear modulus as well as the bearing capacity. 

 

 

Figure 29. Formation of fine material in between larger particles. (Angerhn, 2015)  

 

 

The ballast bed consist of square and angular shaped grains in the origin stage, which makes the 

ballast bed more rigid. However, due to deterioration of these square and angular shaped grains 

during dynamic loading, a formation of rounder particles occur. Thus, the dilatancy angle 

decreases, which causes a contraction (settlement) of the ballast bed. (Angerhn, 2015) 
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3 SIGNAL PROCESSING TECHNIQUE 
 

3.1 ACCELEROMETER MEASUREMENTS 
Suitable measurement data for frequency analysis is convenient to acquire with means of an 

accelerometer. By mounting an accelerometer on a vibrating structure the measurement itself can 

be conducted, since the vibrations will be transmitted into the accelerometer which in turn will 

begin to record the vibrations. The quantity of accelerations can either be in m/s2 or g, and these 

are measured in a time domain. To obtain accurate results from vibration measurements it is 

crucial to consider the installation of an accelerometer as well as the selection of transducer. Two 

types of accelerometers are common, a Piezoelectric and a Micro Electro-Mechanical systems 

(MEMS), where the former is analogue and the latter is digital. To cover the basic principles of an 

accelerometers function, a description of the piezoelectric model is performed. (Majala, 2017) 

 

3.1.1 Piezoelectric accelerometers 

Piezoelectric accelerometers are designed in three models, two models are of shear design e.g. 

planar or delta shear design and one is of compression design.   

Shear design accelerometers (Figure.30) are composed by several components  such as 

piezoelectric elements (P) and seismic masses (M) which are attached to a centre post which are 

held in place by high tensile clamping rings (R). All components i.e. the centre post, piezoelectric 

elements and seismic masses are in contact with the base (B) and they are as well encapsulated by 

a housing.  

 

Figure 30. Planar and Delta Shear accelerometers where B=Base, P=Piezoelectric Element, M=Seismic Mass and 

R=Clamping Ring. (Serridge & Licht, 1987)  
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Accelerometers of a compressional design (Figure.31) also consists of piezoelectric elements (P) 

and seismic masses (M) attached to a centre post with the difference to a shear design that the 

centre post is of cylindrical shape instead of rectangular or triangular one.  

 

Figure 31. Compressional accelerometer where S=Spring, B=Base, P=Piezoelectric Element and M=Seismic Mass. 

(Serridge & Licht, 1987) 

The vibrations an accelerometer is subjected to, generates a force, which acts on the piezoelectric 

elements and is defined as the product of the acceleration of the seismic masses and the mass of 

the accelerometer. Charges are produced through the forces acting on the piezoelectric elements 

and is therefore proportional to the applied force. Thus, charges are also proportional to the 

acceleration of the seismic masses due to constant masses. Further, a piezoelectric accelerometers 

output is proportional to the acceleration of the surface, where the accelerometer is mounted, due 

to a connection between the surface and the base of an accelerometer and that the base 

acceleration has same magnitude and phase as the seismic masses. 

 

Piezoelectric elements are made of polarized ceramics, which enables the elements to produce a 

charge when they are subjected to forces. Three polarized piezoelectric elements are illustrated in 

(Figure.32). Where the upper element is in an undeformed state i.e. the polarized domains are still 

unaffected. The two lower elements have deformed domains due to an impact of external forces 

caused by accelerations or in other words by vibrations. Hence, charges of opposite polarity arise 

on each side of the element and they are collected by the contact. On the left underneath in 

Figure.32 the element has a compressional force acting on it. On the right hand side underneath in 

Figure.32 a shear force affects the element. However, the common denominator for these two 

latter elements illustrated underneath in Figure.32 is that the charges are developed along the 

surfaces where the forces act.     
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Figure 32. Polarization of piezoelectric elements. (Serridge & Licht, 1987)  

Piezoelectric accelerometers are possible to model physically with means of two unsupported 

masses which are connected with an ideal spring, where the damping of the system is neglected. 

The model is illustrated in (Figure.33) (Serridge & Licht, 1987), where: 

ms= total seismic mass [kg] 

mb= mass of the accelerometer base [kg] 

xs= displacement of the seismic mass [m] 

xb= displacement of the accelerometer base [m] 

L= distance between the seismic mass and the base when the accelerometer is at rest in the inertial 

system [m] 

Fe= harmonic excitation force [N] 

F0= amplitude of excitation force [N] 

ω= excitation frequency [rad/s] = 2πf 

ωn= natural resonance frequency of the accelerometer [rad/s] 

ωm= mounted resonance frequency of the accelerometer [rad/s] 

k= equivalent stiffness of the piezoelectric elements [N/m] 

F= k (xs- xb-L) spring force [N] 
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Figure 33. Physical model of piezoelectric accelerometer. (Serridge & Licht, 1987) 

The physical model of accelerometers is based on the equation of motion. The state of free 

vibration is the initial position i.e. the accelerometer has no impact of an external force. With 

means of assumptions regarding displacements of the seismic mass relative to base mass of the 

accelerometer, the differential equation of motion is possible to solve. Through this differential 

equation a solution is obtained for the natural resonance frequency of the accelerometer, 𝜔𝜔𝑛𝑛2 =

𝑘𝑘( 1
𝑚𝑚𝑠𝑠

+ 1
𝑚𝑚𝑏𝑏

). By installing the accelerometer with very good rigidity on a structure this equation 

changes, if the structure is heavier than the accelerometer then mb will be much larger than ms, 

consequently the resonance frequency of the accelerometer will be lower. However, with a case 

where the structures weight is assumed to be infinite, the accelerometer resonance frequency 

becomes 𝜔𝜔𝑚𝑚2 = 𝑘𝑘
𝑚𝑚𝑠𝑠

 and is called the mounted resonance frequency.   

When external forces affect the accelerometer i.e. the accelerometer is subjected to forced 

vibration, a relation describing a ratio between displacements at low frequencies and high 

frequencies is possible to obtain. This ratio between displacements at low frequencies R0 and high 

frequencies R is as follows, 𝑅𝑅
𝑅𝑅0

=
− 𝐹𝐹0
𝑚𝑚𝑏𝑏(𝜔𝜔𝑛𝑛2−𝜔𝜔2)

− 𝐹𝐹0
𝑚𝑚𝑏𝑏𝜔𝜔𝑛𝑛

2
 . However, low frequency displacements are 

correlated to frequencies a lot below the natural resonance frequency (𝜔𝜔 ≪ 𝜔𝜔𝑛𝑛). Thus, with a 

rearrangement of the expression following relationship can be obtained, 𝑅𝑅
𝑅𝑅0

=  1
1−( 𝜔𝜔

𝜔𝜔𝑛𝑛
)2

. 

This expression describes that when the forcing frequency (𝜔𝜔) becomes close to the natural 

frequency (𝜔𝜔𝑛𝑛) of the accelerometer, the displacement increases between the seismic mass and 

the base. Thus, an increase is obtained on the forces acting on the piezoelectric elements and the 

electrical output received through the accelerometer.  
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The mounted resonance frequency determines the frequency range a piezoelectric accelerometer 

can operate on and maintain a constant electric output, for a constant vibration input. An increase 

of the mounted resonance frequency gives a wider operating frequency range. However, the 

mounted resonance frequency is dependent on the stiffness of piezoelectric elements and the 

weight of seismic masses. Stiffness of a piezoelectric element is generally constant. Thus, the 

weight of seismic masses determine the width of a piezoelectric accelerometers operating 

frequency range. Therefore, by lowering the weight of seismic masses the width of operating 

frequency range is possible to increase. Nevertheless, the weight of seismic masses affects the 

sensitivity of the accelerometer because it determines how much force it will exert on the 

piezoelectric elements. An accelerometer with a high frequency range have a lower seismic mass. 

Thus, less force is exerted on the piezoelectric elements and consequently it is less sensitive. On 

the contrary, a high sensitive accelerometer have a lower operating frequency range. Figure.34 

shows a frequency response curve of a piezoelectric accelerometer with different frequency limits 

for various useful frequency ranges. (Serridge & Licht, 1987) 

 

 

Figure 34. Frequency response curve of an accelerometer. (Serridge & Licht, 1987) 
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3.1.2 MEMS accelerometers 

 

MEMS is an abbreviation for micro electro mechanical system and is applicable for various types of 

sensor using microelectronic fabrication techniques, where one type of sensor is for vibration 

measurements with means of an accelerometer. The technique behind MEMS accelerometers is that a 

mechanical structure of microscopic size, usually of silicon, is combined with microelectronic circuits. 

(PCB Piezotronics, Inc., 2021) 

MEMS accelerometers are today used in many different areas, to mention some they can be applied in 

defense, aerospace, railway, energy, naval, automotive, industrial and seismic. (Safran Colibrys SA, 

SAFRAN COLIBRYS, 2021) 

For example, a MEMS accelerometer for boggie monitoring on trains can look as shown in (Figure.35) 

and (Figure.36).   

  

Figure 35. MEMS acceleromter suitable for boggie monitoring on trains. (Safran Colibrys SA, VS1000 Vibration 

Sensor, 2021)  
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Figure 36. MEMS acceleromter suitable for boggie monitoring on trains. (Safran Colibrys SA, VS1000 Vibration 

Sensor, 2021)  
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3.2 VIBRATION DATA TRANSFORMATION 
Accelerometer measurements are recorded in a time domain i.e. the magnitude of vibrations are 

measured in a time domain. Therefore, if the magnitude of vibrations is requested to be analysed 

in a frequency domain, a transformation of the signal is needed. This signal transformation is 

possible to conduct with means of Fourier Transformation. The Fourier Transformation performs 

a decomposition of the time domain signal into a sum of cosines and sines of various frequencies.  

Two types of Fourier Transformations can be used, either a Discrete Fourier Transformation or a 

Fast Fourier Transformation. What distinguishes these two methods is that the Discrete Fourier 

Transformation requires a longer computational time compared to the Fast Fourier 

Transformation. If the trapezoidal rule is used with means of the Discrete Fourier Transformation 

on N data points, it does N multiplications and N additions i.e. N2 computations. Fast Fourier 

Transformation applies an algorithm of Nlog2(N) operations on N data points. If the number of 

data points are 1000, then a Discrete Fourier Transformation needs 1000000 computational 

operations compared to Fast Fourier Transformation, which needs approximately 10000 

operations. Thus, Fast Fourier Transformation reduces the computational time, which is an 

advantage for a data analysis process. (Storey, 2017) 

For the transformation of data, the FFT code in Matlab is used, where the data first is imported 

and then with means of Fast Fourier Transformation the data is transformed into the frequency 

domain (MathWorks, 2017a). 

 



  Method 

   
37 

 

 

4 METHOD  
The track recording coach works as an actuator and receiver of ground borne vibrations. By 

running along the railway track it generates vibrations within the ground. These vibrations are 

caused by waves propagating into the ground (wave front A in Figure.37) and when they hit a soil 

layer interface reflected waves are generated (wave front B in Figure.37), hence, when reflected 

waves reach the railway embankment surface they are received by accelerometers on a track 

recording coach (Figure.38).   

 

Figure 37. Vibration wave propagation (A) and wave reflection (B). 

 

Figure 38. Accelerometer receiving vibrations. (Angerhn, 2015) 

Analysis of the acquired vibration data can be performed in the time domain and frequency 

domain. How the subsurface is affected by the ground borne vibrations is identified by studies of 

dynamic behaviour, which can be conducted both in the time and frequency domain. Thus, 

vibration measurements performed on track recording coaches have potential to be used for 
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investigation of dynamic behaviour of subsurface. Through various attempts regarding suitable 

approaches (Appendix) for interpretation of acquired vibration data, one of these approaches 

became relevant, which is analysis of changes in the dynamic property of ballast.       

Received vibrations on track recording coaches are acquired by accelerometers in a timed domain 

with a sampling frequency of 5000 Hz. Since the main focus is to analyse if changes in the ballast 

layer shear modulus are possible to detect, one must transform the received vibration signal into a 

frequency domain because there is a relationship between a soil layers natural frequency and the 

shear modulus of the soil material (Towhata, 2008) (Eq.6).  

𝑓𝑓 =
�𝐺𝐺 𝜌𝜌�

4𝐻𝐻
  [𝐻𝐻𝐻𝐻]  (6) 

Where: 𝑓𝑓 = Natural frequency [Hz]; G = Shear modulus [𝑘𝑘𝑘𝑘 𝑚𝑚2⁄ ] ; 𝜌𝜌 = Density [𝑘𝑘𝑘𝑘 𝑚𝑚3⁄ ];  

H = Layer thickness [m] 

Vibration data in a frequency domain should enable to detect the resonance frequencies of ballast 

material with varying shear modulus. To enable estimation of the range of natural frequencies for 

various soil layers and especially for the ballast layer, information of soil layer thicknesses for a 

measured railway section is needed. Therefore, two soil investigation points are needed preferably 

in the beginning and the end of the chosen railway section (Figure.39) so that one can calculate in 

which range the natural frequencies are for the various soil layers or the ballast layer. However, 

one important detail to know regarding Swedish railways is that the ballast layer have a standard 

layer thickness for specific railway sections i.e. the ballast layer thickness don´t vary along the 

section (Erik.G.Eriksson, 2020).  
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Figure 39. Illustration of soil investigation points along a railway section. 

 

 

Knowledge of the expected natural frequency of a ballast layer with respect to variation of the 

shear modulus due to change in shear strain caused by dynamic loading is a key factor for a 

possibility to detect resonance peaks of interest in a frequency spectrum. Thus, if assumptions 

based on knowledge regarding soil dynamics and material property changes due to dynamic 

loading are taken into account, obtained vibration data from track recording coaches would enable 

monitoring changes in shear modulus due to dynamic loading within ballast material on railway 

embankments.   

Natural frequency of a soil layer depend on three factors, the shear modulus, density and the 

thickness of the soil layer (Eq.6). The maximum shear modulus value for ballast material is 

obtained according to the Swedish Transport Administrations technical requirements of dynamic 

soil properties (Trafikverket, TK Geo 11 Trafikverkets tekniska krav för geokonstruktioner, 2011) 

(Eq.7). 

𝐺𝐺0 = 𝐾𝐾 ∗ (𝜎𝜎𝑚𝑚′ )0.5  [𝑘𝑘𝑘𝑘 𝑚𝑚2⁄ ]  (7)  

Where: K = Constant depending on the material and degree of compaction [(𝑘𝑘𝑘𝑘 𝑚𝑚2⁄ )0.5] 

𝜎𝜎𝑚𝑚′  = Mean effective stress [𝑘𝑘𝑘𝑘 𝑚𝑚2⁄ ] 
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Shear modulus for the ballast material changes with respect to increased shear strain according to 

Swedish Transport Administrations technical requirements of dynamic soil properties for coarse 

grained soils (Trafikverket, TK Geo 11 Trafikverkets tekniska krav för geokonstruktioner, 2011) 

as seen in (Figure.40). Therefore, a calculation of the expected natural frequency of a ballast layer 

is of importance to perform for a maximum value and reduced value of the shear modulus 

considering an analysis of changes in shear modulus within ballast material due to dynamic 

loading caused by train traffic.      

 

Figure 40. G/G0 vs. Shear strain for ballast material. (Trafikverket, TK Geo 11 Trafikverkets tekniska krav för 

geokonstruktioner, 2011)  

Further, according to above mentioned requirements by Swedish Transport Administration 

(Trafikverket, TK Geo 11 Trafikverkets tekniska krav för geokonstruktioner, 2011), a railway 

embankment with moderate deformations have a shear strain for ballast material in a range 

between 0.03% to 0.1% and for large deformations up to 0.5%. Thus, one can expect to find 

several resonance frequencies during a measurement time span involving several load cycles 

caused by the track recording coach, were a resonance frequency related to the maximum shear 

modulus is higher than those related to a reduced shear modulus due to increased shear strain. By 

calculating expected resonance frequencies for shear strains of 0.03%, 0.065% and 0.1% one can 

obtain a range of frequency values when the ballast layer has been subjected to several load cycles 

by the track recording coach. Thus, there is an opportunity to be able to detect resonance 

frequencies for reduced shear modulus of ballast material with means of so-called frequency 

based analysis on vibration measurements conducted on track recording coaches.  
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5 APPLICATION OF METHOD  
In practice, frequency based analysis proceeds in such way that a railway section is first chosen 

where soil investigation points either are available or are to be performed. Then calculations of 

expected natural frequencies are conducted to determine the frequency range for each soil layer 

along this railway section. By having the frequency range of a soil layers natural frequency one 

has the information about which resonance frequency range to look for in the frequency spectrum 

obtained from vibration measurements conducted on track recording coaches. However, another 

important part is to consider track system natural frequencies as well, to not make confusion in 

the interpretation. Track system natural frequencies of interest is those for crossties and speed 

dependent frequency of train passing between crossties. When the vibration data in the time 

domain is obtained from the track recording coach a transformation of the data is performed into a 

frequency domain with means of a programing language and Fast Fourier Transformation code 

(Appendix) (Figure.41).  

 

 

Figure 41. Schematic image of vibration data transformation.  

A railway section with two soil investigation points as boundaries (Figure.39) is suitable to divide 

into sub sections since it enables to analyse shorter lengths of a railway embankments ballast 

layer. Hence, a more comprehensive analysis can be performed. The length of a sub section is 

limited by the accelerometers sampling frequency, meaning that the accelerometer must have 

enough time to record the vibrations to provide sufficient amount of data for analysis of resonance 

frequencies. 
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For a case study two different railway sections in Sweden is chosen to enable a comparison, 

especially when these sections differ with respect to one having only a ballast layer and subgrade 

and one having ballast, sub ballast and subgrade. Thus, the section with only ballast and subgrade 

enable a clearer analysis since these layers have large difference in natural frequency. First 

section is located at Tolikberget in the north part of Sweden and the second section between 

Stenkumla and Dunsjö in south of Sweden (Figure.42).  

For both railway sections two soil investigations points are used for calculation of expected 

natural frequencies of soil layers. Hence, these soil investigation points are considered as 

calibration points, which provide information of the frequency range different soil layers have 

regarding their expected natural frequencies. However, subgrades in both railway sections have a 

very low natural frequency, which make a study of their resonance frequency difficult in a 

frequency spectrum due to other track system resonance frequencies blocking, like crosstie and 

speed dependent crosstie resonance frequency of train passing between crossties. Thus, are studies 

of subgrade excluded in this case study. The natural frecuency of a crosstie is around 4 Hz and 

speed dependent crosstie resonance frequency of train passing between cross ties is for section 

Tolikberget around 57 Hz and for section Stenkumla-Dunsjö around 36 Hz.  
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Figure 42. Map over the Swedish railway network and location of railway section Tolikberget and Stenkumla-Dunsjö. 

(Trafikverket, Sveriges järnvägsnät, 2019) 

Soil investigation data for railway section Tolikberget is obtained from (Trafikverket, ProjectWise 

Explorer V8i, 2017) and for Stenkumla-Dunsjö through (WSP Ritning FU-12-370-223-001, 2014) 

(WSP Ritning FU-12-370-222-018, 2014). With means of soil investigation data, layer 

thicknesses for ballast and sub-ballast layers are obtained. Soil parameter values such as density 

and K-value are obtained through Swedish Transport Administrations technical requirements of 

dynamic soil properties (Trafikverket, TK Geo 11 Trafikverkets tekniska krav för 

geokonstruktioner, 2011). Friction angle parameter value of new ballast material can be obtained 

through (Trafikverket, TK Geo 11 Trafikverkets tekniska krav för geokonstruktioner, 2011), 

however, it has been assumed that the ballast material is not entirely new and thus a value 

between used and unclean has been taken, which is described by (Lichtberger, 2005). In Table.1, 

all obtained and assumed parameter values are listed for calculation of shear modulus and 

expected natural frequencies of ballast and sub-ballast material for the railway sections. In 

Table.2 and Table.4, calculated values and obtained measurement values are displayed of shear 

modulus and expected natural frequencies with respect to shear strain. Figure.43 and Figure.44 
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shows frequency spectra of railway sub sections at Tolikberget and Stenkumla-Dunsjö 

respectively. With means of these frequency spectra, a frequency based analysis can be performed 

with the aim to detect changes in shear modulus with respect to shear strain for ballast material.  
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Table 1. Ballast and Sub-ballast parameter values. 

 Tolikberget 

[Ballast layer] 

Stenkumla-Dunsjö 

[Ballast layer] 

Stenkumla-Dunsjö 

[Sub-Ballast layer] 

K-value 

[(𝑘𝑘𝑘𝑘 𝑚𝑚2⁄ )0.5] 

30000 30000 30000 

Density [𝑘𝑘𝑘𝑘 𝑚𝑚3⁄ ] 17 17 19 

Friction angle [°] 35 35 35 

Layer thickness [𝑚𝑚] 0.4 0.5 0.5 

 

Table 2. Data of dynamic properties for railway section Tolikberget. 

Soil type Shear strain 

[%] 

Shear modulus  

[𝑘𝑘𝑘𝑘 𝑚𝑚2⁄ ] 

Expected 

natural 

frequency  

[Hz] 

Resonance 

frequencies from 

measurements 

[Hz] 

 0.0001 61480 119 119.8 

Ballast 0.03 36890 92 96.1 

 0.065 27670 80 82.8 

 0.1 18440 65 72.1 
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Table 3. Dynamic properties of system natural frequencies for section Tolikberget. 

 Expected natural frequency 

[Hz] 

Resonance frequencies 

from measurements [Hz] 

Crosstie 4 3.4-6.9 

Speed dependent crosstie 

frequency 

57 52.2-58.2 

 

 

Figure 43. Frequency spectra of railway sub sections at Tolikberget. 
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Table 4. Data of dynamic properties for railway section Stenkumla-Dunsjä. 

Soil type Shear strain 

[%] 

Shear modulus  

[𝑘𝑘𝑘𝑘 𝑚𝑚2⁄ ] 

Expected 

natural 

frequency  

[Hz] 

Resonance 

frequencies from 

measurements 

[Hz] 

 0.0001 69000 101 104.2 

Ballast 0.03 41400 78 80.8 

 0.065 31050 68 68.0 

 0.1 20700 55 59.5 

 0.0001 72870 98 96.0 

Sub-ballast 0.03 43720 76 74.4 

 0.065 32790 66 65.9 

 0.1 21860 54 51.2 

 

Table 5. Dynamic properties of system natural frequencies for section Stenkumla-Dunsjö. 

 Expected natural frequency 

[Hz] 

Resonance frequencies 

from measurements [Hz] 

Crosstie 4 4.3 

Speed dependent crosstie 

frequency 

36 36.1 
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Figure 44. Frequency spectra of railway sub sections at Stenkumla-Dunsjö. 
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6 RESULT AND DISCUSSION 
The interpretation of measurement data is based on accepted theory of soil dynamics and the 

relationship between shear modulus vs. shear strain. Hence, also on the relationship between shear 

modulus and natural frequency. However, the interpretation is also based on assumptions 

regarding soil parameter values of ballast for the calculation of expected natural frequencies. 

Thus, the analysis focus on an interpretation in such way that the obtained values of expected 

natural frequencies of ballast material for various shear moduli depending on assumed shear strain 

is compared to detected resonance frequencies in the frequency spectra. Expected natural 

frequencies are calculated for the initial maximum shear modulus and for shear modulus related to 

intermediate levels of shear strain. Thus, the aim is to see if resonance peaks are possible to detect 

in the range of expected natural frequencies and thereby study changes of ballast materials shear 

modulus due to increased shear strain by cyclic loading.    

A comparison of the expected natural frequencies with the frequency spectra gives an indication 

of resonance frequency changes due to increased shear strain and changed shear modulus. A 

review of the frequency spectra obtained from track recording coaches indicates that resonance 

frequencies are possible to detect within the range of expected natural frequencies of ballast 

material with changed shear modulus due to increased shear strain.  

The two railway sections in this case study differ with respect to the layering of the railway 

embankment. Were section Tolikberget only has a ballast layer followed by a subgrade and 

Stenkumla-Dunsjö section has a ballast and sub-ballast layer followed by a subgrade. Comparing 

the frequency spectra for Tolikbeget with the frequency spectra for Stenkumla-Dunsjö a 

noticeable difference is that in the spectra for Stenkumla-Dunsjö more resonance peaks occur in 

the range of expected natural frequencies. From the perspective of railway embankment layering 

it makes sense that more resonance peaks occur in the frequency spectra for Stenkumla-Dunsjö.  

Comparing expected natural frequency values with measured values for section Tolikberget one 

can see that the measured frequencies are higher than the expected natural frequencies. Indicating 

that the initial shear modulus could be higher as well as a lower level of shear strain occurring in 

the ballast layer. For section Stenkumla-Dunsjö the same holds for the ballast layer as it does for 

section Tolikberget. However, are the calculated expected natural frequencies for the sub-ballast 

layer higher than the measured resonance peaks. Thus, an indication of lower initial shear 

modulus and a bit higher shear strain level as well. 

Track recording coaches have an important role today in the railway track condition monitoring. 

With a society were an increased demand on more traffic on railways, track condition monitoring 
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become more essential. Today track condition monitoring include measurements of rail position, 

rail profile, ripples/waves, ballast profile and overhead lines. Thus, it includes measurements and 

condition status of a broad part of the railway. However, one part in the track condition 

monitoring technique uses vibration measurements i.e. measurements that are possible to use in 

the dynamic context. Therefore, an idea arose to investigate if the vibration measurements 

conducted on the track recording coaches with means of accelerometers are possible to use in the 

soil dynamic perspective. First step in this study was to investigate how the measured vibration 

data could be transferred from the timed domain into a frequency domain with satisfying outcome 

i.e. readable frequency spectrum. Fast Fourier Transformation (FFT) was found to be a good 

option to provide necessary quality for frequency spectrums, thus the transformation of time 

domain data is conducted with means of FFT. Analysis of frequency domain data requires 

knowledge of various components natural frequencies that are subjected for vibrations at the same 

time as vibrations are acquired with means of accelerometers. Therefore, the second part of this 

study included investigation of components natural frequencies related to a railway embankment. 

Fixed structures natural frequencies such as rails and crossties is possible to obtain from literature, 

but natural frequencies of ballast material and subsoil requires analytical calculation. Subsurface 

subjected to vibrations will first in an acquired vibration measurement according to known 

literature show at least resonance frequency related to maximum shear strength of the material. 

Thus, a third step in this study covered analytical calculation of ballast material and subsoil 

natural frequency related to the maximum shear strength combined with analysis of obtained 

frequency spectrums were the aim was to detect resonance peaks related to ballast material and 

subsoil natural frequencies. A good agreement was found with analytical calculation of natural 

frequencies and detected resonance peaks in frequency spectrums. However, in the frequency 

spectrums various resonance peaks in the frequency range for ballast and subsoil became as 

unknowns. Hence, more studies regarding natural frequencies became important. Meaning that at 

this point the study came to take various approaches before the one presented in this thesis 

became as the approach providing a good agreement between geodynamic theory and what 

obtained frequency spectrums reveals (see Appendix). 
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7 CONCLUDING REMARKS AND FUTURE WORK 

7.1 CONCLUSIONS 
 

The research has been a stepwise process, which implies that various approaches for interpretation 

of track alignment measurements has been tested. Hence, conclusions considers both approaches 

used without successful result and the one that indicate a positive result and is applied in this 

thesis. The conclusions found from this study is listed below. 

i. Correlation is obtained between analytically calculated expected natural frequencies and 

frequency spectrums obtained from track alignment measurements displaying resonance 

frequencies. Thus, it is possible to detect with this method which soil layers and track 

components are affected by resonance i.e. ground borne vibrations. 

ii. Unidentified resonance peaks displayed in obtained frequency spectrums through Fast 

Fourier Transformation are not possible to use for assessment of detailed soil layer 

thickness variation between two known soil investigation points if the frequencies are too 

low and/or if the natural frequencies are overlayed by system produced frequencies. 

iii. Continuous Wavelet Transformation, which produce frequency vs. time spectrums, does 

not provide enough accuracy and consistent data to enable a use of it for detailed soil 

layer thickness variation assessment between two known soil investigation points. How 

this can be applied to observations of change needs to be tested in the furture. 

iv. Frequency spectrums obtained from track alignment measurements have potential to be 

used for studies of changes in ballast materials dynamic properties i.e. shear modulus. 

This implies that the track recording coach have potential to measure the impact of 

dynamic loading on ballast material by means of installed accelerometers. 

v. Filtered time domain signals have potential to be used for identification of sections along 

railways that have changes in the impact from dynamic loading. Hence, it could be 

possible to detect in which extent a soil layer is affected by dynamic loading and which 

parts along a railway section experience a negative impact. 
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7.2 FUTURE WORK 
 

Based on the findings from studies considered in this thesis and consequently the obtained 

conclusions, the future work is highly going to focus on studies of filtered time domain signals. 

To obtain filtered time domain signals e.g. for a sub soil layer along a railway section with known 

areas of negative impact from train traffic, possibilities to study the extent of impact would be 

enhanced. Therefore, by comparing obtained filtered time domain signals from several years and 

with advantage after maintenance actions, maybe this method would assist the track condition 

assessment and improve the monitoring of the railway track status. 
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